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Abstract The natural abundance of stable '°N isotopes in
soils and plants is potentially a simple tool to assess eco-
system N dynamics. Several open questions remain,
however, in particular regarding the mechanisms driving
the variability of foliar 6'°N values of non-N, fixing plants
within and across ecosystems. The goal of the work
presented here was therefore to: (1) characterize the
relationship between soil net mineralization and variability
of foliar A6'°N (8"°Nleaf — 5'°Nsoil) values from 20
different plant species within and across 18 grassland sites;
(2) to determine in situ if a plant’s preference for NO3 or
NH} uptake explains variability in foliar AS'°N among
different plant species within an ecosystem; and (3) test if
variability in foliar A§'N among species or functional
group is consistent across 18 grassland sites. Ad'°N values
of the 20 different plant species were positively related to
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soil net mineralization rates across the 18 sites. We found
that within a site, foliar AS'°N values increased with the
species’ NO3 to NHJ uptake ratios. Interestingly, the slope
of this relationship differed in direction from previously
published studies. Finally, the variability in foliar Ad'°N
values among species was not consistent across 18 grass-
land sites but was significantly influenced by N
mineralization rates and the abundance of a particular
species in a site. Our findings improve the mechanistic
understanding of the commonly observed variability in
foliar A6'°N among different plant species. In particular
we were able to show that within a site, foliar 6'°N values
nicely reflect a plant’s N source but that the direction of the
relationship between NO3 to NHj uptake and foliar A5'°N
values is not universal. Using a large set of data, our study
highlights that foliar A6'°N values are valuable tools to
assess plant N uptake patterns and to characterize the soil N
cycle across different ecosystems.

Keywords Stable isotopes - Mineral nutrition -
Competition - Nitrogen - Mineralization - Biodiversity

Introduction

N is a critical element limiting plant growth in temperate
ecosystems (Vitousek and Howarth 1991). Consequently,
N dynamics such as N mineralization or plant N uptake
determine much of the structure and function of these
ecosystems. The assessment of N dynamics is therefore
critical for monitoring, understanding and predicting
essential functions (biogeochemical cycles and producti-
vity) or structural components (species composition and
diversity) of temperate ecosystems. In this respect, the
natural abundance of stable !N isotopes (515N) in soils and
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in particular in plants has been suggested as an efficient and
simple non-invasive tool to assess and monitor ecosystem
N dynamics (Handley and Raven 1992; Nadelhoffer and
Fry 1994; Hogberg 1997; Handley et al. 1998; Evans 2001;
Robinson 2001; Amundson et al. 2003; Pardo et al. 2006;
Houlton et al. 2007).

Variability in plant and soil '°N values derives pri-
marily from physiological and biogeochemical processes
in the N cycle. Soil processes such as N mineralization,
nitrification, denitrification or NHj volatilization dis-
criminate against '°N and lead to soil N pools with
different §'°N signatures (Mariotti et al. 1981; Handley
and Raven 1992; Nadelhoffer and Fry 1994; Piccolo
et al. 1994; Robinson 2001). The SN signatures of
different soils N pools are further imprinted in the §'°N
values of plants that utilize these soil N pools for their N
nutrition.

Based on the link between foliar and soil '°N signals,
foliar 8'°N values can be used as simple but valuable tools
to study ecosystem N dynamics, both as tracers or as
integrative signals. For example, foliar 6'°N values that
reflect the 5'°N signatures of the plant’s specific N sources
(e.g. NO3 and NHJ) could reveal information on the
plant’s N uptake patterns (Houlton et al. 2007). Alterna-
tively, foliar 6'°N values have the potential to characterize
N turnover in the soil as integrative proxies. High soil N
mineralization rates are often correlated with denitrification
or leaching of inorganic N forms. Both processes lead to
losses of '"N-depleted N,O and N, or NO3, respectively
and leave the remaining inorganic N pool enriched in °N.
Foliar 6'°N signals that reflect the '°N enrichment of the
inorganic soil pool may therefore indicate the magnitude of
N fluxes and N losses in ecosystems (Hogberg 1990;
Garten and van Miegroet 1994; Austin and Vitousek 1998;
Emmett et al. 1998; Korontzi et al. 2000; Pardo et al. 2002;
Amundson et al. 2003; Pardo et al. 2006; Templer et al.
2007).

Despite the potential to study ecosystem N dynamics,
foliar 6'°N signatures can be obscured by a variety of
factors such as discrimination during N uptake, mycorrhi-
zal status and type, nodulation, and intra-plant isotope
partitioning (Handley et al. 1998). As a result, the vari-
ability of foliar 8'°N values among different non-N, fixing
plant species within an ecosystem remains unclear and
complicates the use of plant tissue 5'°N to investigate plant
N uptake patterns or soil N cycling. For example, experi-
mental evidence that relates variability in foliar 6'°N
values of different species to differences in the plants’ N
sources comes from only two laboratory studies (Miller and
Bowman 2002; Falkengren-Grerup et al. 2004). While both
studies give credible evidence for a positive relationship
between NHZ uptake and foliar SN values, it remains
unclear if the direction of this relationship is a universal
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pattern that can be used in the interpretation of foliar 5'°N
values in different natural ecosystems.

Given the uncertainties regarding foliar 6'°N values, the
goal of the study presented here was to mechanistically
address the variability of foliar 6'°N values among a large
number of different plant species within an ecosystem and
to test if differences in foliar 6'°N values of different plant
species are persistent across a range of 18 different grass-
land ecosystems. Specifically, our study had three
objectives: first, we characterized the relationship between
soil net mineralization rates and variability of foliar 6'°N
values from different plant species within and across 18
different grassland sites; second, we determined if a plant’s
preference for NO3 or NHj uptake explains the variability
in foliar 8'°N values among different plant species within
grassland sites; and third, we tested edaphic and biotic
parameters as drivers of species- or functional group-spe-
cific variability in foliar 5'°N across 18 grassland sites with
different N dynamics.

Materials and methods
Study sites

The study was conducted in the Thiiringer Schiefergebirge,
Germany (11°00'—11°37'E and 50°21'—50°34'N), using
18 montane grasslands that differed in plant species com-
position and plant diversity (Table 1). Present-day soils in
the area have developed from a carbonate-free, nutrient-
poor schist and greywacke bedrock material. All sites were
located within an area of 20 by 40 km and were similar in
elevation above sea level and exposition. For a detailed
description of the sites see Kahmen et al. (2005b). The 18
sites were selected from 78 intensively surveyed grasslands
(Kahmen et al. 2005a) based on the following selection
criteria: sites had to be ungrazed, cut twice a year (late June
and August/September) and must not have received any
fertilizer applications for the last 10 years prior to
sampling.

Edaphic variables

Soil variables were extensively surveyed 6 times throughout
2002. For each sample, four soil cores (4.3 cm diameter,
10 cm length) were collected at each site, pooled to a single
sample and sieved to 2 mm. To determine NO3 and NHj
pools in the soils, one part of each soil sample (~ 10 g) was
extracted with 50 ml of 1M KCI for 60 min on the same
day of sampling. KCl extracts were filtered and then frozen
at —20°C and later analyzed using a continuous flow ana-
lyzer (SAN Plus; Skalar, Erkelenz, Germany) for NO3 and
NH} concentrations. The remaining soil was dried at 35°C
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and extracted for 1 h using a 1M calcium acetate-lactate
(CAL) solution. CAL extracts were analyzed with ICP-AES
(Optima 3300 DV; Perkin-Elmer, Norwalk, USA) for P and
K concentrations. Soil pH was measured in water suspen-
sions. For the determination of soil C:N ratios and total soil
N (Ny) and C (C,y) concentrations, dry soil was ground
and analyzed with an elemental analyzer (Vario EL II;
Elementar, Hanau, Germany). The same dried and ground
material was then used for '°N analyses of bulk soil with
an isotope ratio mass spectrometer (IRMS) (Delta C
Finnigan MAT; Bremen, Germany). For statistical analyses,
soil variables sampled throughout 2002 were averaged for
each plot to a single mean value.

Daily net mineralization rates at each site, i.e., the
daily production of plant available NO3 and NHJ, were
determined twice in 2003 (mid May to mid June and
mid July to mid August) by in situ incubation (Hart
et al. 1994). Four subsamples were collected at each site,
pooled, and NO3 and NHj concentrations determined as
described above. The remaining pooled soil sample of
each site was split into four equal parts, sealed in
polyethylene bags and incubated in the soil for 24 or
16 days during the spring and summer campaigns,
respectively. After incubation, bags were collected, and
soil extracted with 1M KCI and analyzed for NO3 and
NH; concentrations as described above. To calculate
daily net mineralization rates, NO3 and NHj concen-
trations at the beginning of the incubation were
subtracted from the concentrations determined at the end
of the incubation, and the difference divided by the
number of incubation days. Daily net mineralization rates
from both incubation periods were averaged for the
statistical analyses as mean daily net mineralization.
Mineralization rates and concentrations were calculated
on a soil dry weight basis.

Foliar 6'°N

At each site, we collected leaf material from different non-
N, fixing plant species for 5'°N analyses in mid June 2003.
The number of plant species sampled at each site was
proportional to the species richness in each plot and cov-
ered two thirds of the species at a site. Plant material was
dried, ground and analyzed for 6'°N with an IRMS (Delta
C Finnigan MAT). In total, 20 different herbaceous plant
species were sampled in the 18 sites. For a more detailed
analysis of plant trait effects on foliar 5'°N signatures we
separated the investigated plant species into the functional
groups “grasses” and “forbs”. The functional group
grasses contained all species belonging to the family Poa-
ceae, while the functional group forbs contained all other
species. Species names and functional group identity are
listed in Fig. 4.

@ Springer

N uptake

To test the effect of N nutrition on leaf d"°N, NO3 and
NH} uptake was determined for 15 plant species (seven
forbs and eight grasses) in three of the 18 sites (site 2, site 4
and site 7) using "N labeled N tracers (see Kahmen et al.
2006). At each site, '’N-labeled NO3 and NH} was
injected at two different soil depths (3 and 8 cm) twice a
year (spring, 22-24 May 2003; summer, 4-6 August 2003),
each treatment in a separate 1-m” plot. During each cam-
paign in spring and summer, one grassland was labeled
per day. The ’N-labeled NO5 and NH} compounds were
injected (using spine syringes) as separate solutions of
9.66 mM K'’NO; and 9.66 mM 'NH,CI (>98.9 at% "°N).
In order to offer both N compounds in each treatment, we
added equal amounts (9.66 mM) 1N of the non-treatment
N compound to the >N solution. Injection points in each
treatment were distributed evenly across the 1-m” plots
using a 6.5 x 7.0 cm grid, resulting in 210 injections per
plot. Assuming a 2-cm diffusion radius, we injected 2 ml
of '°N labeled solution at each injection point, leading to a
total of 55.35 mg added '>N m~2. As a result of the large
experimental effort, sampling of soil and plant materials
was nested within the labeled plots at the three grassland
sites. To avoid contamination, the 1-m? plots where tracers
were applied, were located in secure distance to the
5 x 5 m sampling areas where plant leaves were collected
for 5'°N natural abundance analyses.

Three days after injecting the '°N-labeled N compounds
into the soil, the vegetation in each treatment was clipped
2 cm above the ground, sorted to species, dried at 70°C for
48 h and weighed. From the sorted biomass, ten individuals
from each species were combined to a single bulk sample.
Plant material was ground and analyzed for N concentra-
tions and 6'°N values with an elemental analyzer (Vario
EL II, Elementar, Hanau, Germany) coupled to an IRMS
(Delta C Finnigan MAT).

The recovered '°N tracer in the leaves of the different
plant species was used to calculate mean daily NO3 and
NH; uptake of the different species in the individual
treatments. In the calculations, background natural abun-
dance "N and N concentration in the leaves of the
respective plants as well as plant available N in the soil
were taken into account. For a detailed description of the
calculations see Kahmen et al. (2006). For the statistical
analyses, NO3 and NHZ uptake was summed up for the
two soil depths and averaged over the two temporal
treatments.

Data analysis and statistics

To correct leaf §'°N values for site-specific differences in
background bulk soil 3N, AS"”N was calculated for each



Oecologia (2008) 156:861-870

865

Table 2 '°N enrichment of plants compared to soil background values (A3'°N®) as a function of plant NO3 and NHJ uptake and functional
(Funct.) group effects as tested in ANOVAs® (type 1 SS). The variables for the models were assessed in three sites (site 2, site 4 and site 7)

ASPN for NO5 uptake

A" N for NHJ uptake

AS"N for NO3 / NHj uptake

df  SS F P df  SS F P df SS F P
Soil N flux 2 895 588  0.008 2 895 722  0.003 2 8.95 6.94 0.004
Funct. group 1 097 128 0269 1 097 157 0222 1 0.97 1.51 0.231
N uptake (ug N g~' day™") 1 095 125 0275 1 385 621  0.020 1 3.78 5.87 0.023
Funct. group x N uptake 1 0.52 0.68 0.418 1 1.01 1.62 0.214 1 0.47 0.72 0.404
Error 24 1825 24 14.86 24 15.47

2 AS'SN was calculated as 0'°N plant — §'°N soil. Values predicted for Ad'°N by the model are presented in Fig. 3

® To control for different effects of plant-available N in the soil of the three sites, the mean daily flux of the respective N species (i.e., NO5 flux,
NH;} flux and NO3 /NH; flux in the NO3 uptake model, NH} uptake model and NO3 /NH uptake model, respectively) was first entered into a
model as a block factor. Then the factor funct. group (forb, grass) followed by N uptake as a covariate and the interaction of funct. group and N

uptake were subsequently entered in the model

species from all sites as the difference between 515Np1am
and 6" N,,;; (Amundson et al. 2003). Foliar AG"°N values
represent the '°N depletion of a plant leaf compared to the
soil 6"°N background. We tested the effects of NO3 and
NH} uptake on Ad'°N of different species in three sites
with ANOVA models (type I SS). The ANOVA models
allowed to control for site-specific effects of plant available
soil N on foliar Ad'>N across these three sites. Further the
ANOVA models allowed us to test if the functional group
identity of a species had an effect on the relationship
between NO3 and NH} uptake and foliar AN (ie., a
significant interaction effect between functional group and
N uptake on AS'°N). In each model, mean daily soil N
fluxes were entered first as the block factor (i.e., NO3 flux,
NH; flux and NO3 /NHZ flux in the NO3 uptake model,
NH} uptake model and NO3 /NH} uptake model, respec-
tively), followed by a fixed hierarchical sequence of
functional group as factor, N uptake as covariate, and
finally the interaction between functional group and N
uptake (Table 2). We also used an ANOVA model (type I
SS) to test functional group and species-specific effects as
well as effects of the plant’s relative abundance on the
relationship between net N mineralization and foliar Ad'°N
across all 18 sites. As above, this model allowed testing for
direct effects of individual variables and also for interact-
ing effects of variables. Factors (functional group and
species identity) and covariates (abundance and net N
mineralization) were entered into the model in a fixed
hierarchical sequence (Table 3). All ANOVA models were
calculated using SPSS 11 for MAC OS X 10.3.

Results

Soil "N values in the 18 grassland sites varied between
3.39 and 6.43%o (Table 1). NO3 and NH3 pools in the soil
were relatively low, ranging from below detection levels

Table 3 ANOVA? (type I SS) for plant 5N enrichment compared to
soil background values (Ad'>N®) for 20 herb and grass species from
18 different grassland sites

df SS F P

Nmin 1 79.63 107.94  <0.001
Funct. group 1 8.12 11.00 0.001
Species 18 39.83 3.00 <0.001
Abundance 1 3.79 5.14 0.025
Funct. group x Npin 1 3.63 4.94 0.028
Species X Npin 18 46.17 348  <0.001
Funct. group x Abundance 1 1.32 1.78 0.184
Species x Abundance 18 29.11 2.19 0.006
Error 149 109.93

 Daily net mineralization (N,,;,) was entered first into the model as a
covariate. Funct. group (forbs, grasses) and species identity were
entered as factors and abundance (% cover) as covariate

® AS"N is calculated as 6"°N plant — §'°N soil. Values for A5'°N of
individual species predicted by the model are presented in Fig. 4

(<00l pgg™ to 3.00pgg™' and from 3.09 to
6.99 ng g=', respectively. Net N mineralization was
dominated by net nitrification, which exceeded net
ammonification in most sites. Net nitrification and net
ammonification ranged from 0.08 to 1.53 pg g~ ' day™'
and from —031 to 046 pg g ' day !, respectively
(Table 1).

Soil 6'°N values across the 18 sites increased signifi-
cantly with net N mineralization and net nitrification in
linear regression analyses. However, soil 8N values
showed a negative but non-significant trend with net
ammonification (Fig. 1). Plant leaves from both forbs and
grasses were all depleted in '°N compared to bulk soils and
showed a positive relationship with bulk soil '°N in linear
regression analyses (Fig. 2). AS"°N values (6"°N leaf —
0'°N soil) were negative for all plant species. Despite the
correction for the bulk soil background &'°N signal, AN
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Fig. 1 Simple linear regression 7
analyses of 6"°N of bulk soil
and daily net mineralization
(Nmin), ammonification (NH})
and nitrification (NO3 ) rates in
18 different temperate
grasslands

85N s0il (%o)

R2=0.35 |

p=0.010

515N soil (%o)

R2=0.33 |
p=0.013

R2=0.10 |
p=0.192

1 !

! L ! 1
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9 *  p<0.001 p<0.001 0
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Soil Nimin (UgN g d) Soil Nmin (UgN g* d)

Fig. 2 Simple linear regression analyses between 8" N of bulk soil
and leaf §'°N for different forb and grass species as well as the
relationship between daily net mineralization (N,,;,) and foliar AN
(8"°N plant — 6'°N soil) for different forb and grass species in 18
temperate grasslands. da! Day’l

of forbs and grasses still increased significantly with net N
mineralization (Fig. 2).

ASN values of both, forbs and grasses revealed sub-
stantial within and across site variability (Fig. 2). In order
to explain what drives this observed within-site variability
among different plant species and functional groups, we
tested the effects of NO3 and NHZ uptake on Ad'"N values
of forbs and grasses from sites 2, 4 and 7 in an ANOVA
(Fig. 3; Table 2). In all three models site-specific soil N
fluxes had a significant effect on AJ'°N matching our
observations from all 18 sites (Fig. 2). The analyses also
revealed that NO3 uptake had no significant effect on
AS" N of forbs and grasses. More importantly, however,
NH} uptake had a significantly negative effect on Ad'°N
and the ratio between NO3 and NH} uptake a significantly
positive effect AO'°N of forbs and grasses (Fig. 3;
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-05 -025 0 025 05 075 0
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02505075 1 125 15
Net-NO3™ (ugN g' day™)

Table 2). Interestingly, the effects of NHj uptake and the
ratio between NO3 and NHj uptake were independent of
the functional group identity of plants, i.e., the interaction
between the factor “functional group” and the covariate
“N uptake” were not significant in any of the three models
(Table 2).

Finally, we tested in an additional ANOVA model if the
relationship between net N mineralization and A§"°N of
individual species across the 18 sites was significantly
affected by functional group identity, species identity, the
abundance of a species, or by any interactions of the above
parameters. We found that net N mineralization, functional
group identity, species identity and the abundance of plants
all had significant effects on AS'°N. More importantly,
however, the effects of functional group identity on Ad'°N
as well as the effects of species identity on A5'°N depen-
ded on the net N mineralization rate of a site (i.e.,
significant interaction between the factor “functional
group” or “species identity” and the covariate “N
mineralization™) and the abundance of a particular species
(i.e., significant interaction between the factor “species
identity” and the covariate “abundance”).

Discussion

We found substantial variability in soil and plant 6'°N
values across the 18 investigated grasslands. For soil §'°N
values part of this variability was explained by net N
mineralization (Fig. 1). Previous studies have suggested
that increasing bulk soil 6'°N values may reflect increasing
rates of soil N cycling which are associated with losses of
'>N-depleted mineral N that lead to a gradual '°N enrich-
ment of the remaining bulk soil N (Mariotti et al. 1981;
Amundson et al. 2003; Pardo et al. 2006). Although the
grasslands investigated here are extensively managed and
have not been fertilized for at least 10 years, previous
studies have shown that NO3 in such grasslands is prone
to losses, either via leaching or via microbial denitrification
to N,O and N, (Scherer-Lorenzen et al. 2003; Tilsner et al.
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2003b). Our study therefore fits nicely into the context of
previous work that has linked increasing bulk soil §'°N
values to losses of mineral N and to the openness of the N
cycle (Hogberg 1990; Hogberg 1991; Johannisson and
Hogberg 1994; Austin and Vitousek 1998; Emmett et al.
1998; Korontzi et al. 2000; Brenner et al. 2001; Pardo et al.
2002, 2006; Amundson et al. 2003; Choi et al. 2003;
Houlton et al. 2006; Templer et al. 2007).

In order to compare §'°N values of plants across sites
irrespective of soil 615N, we corrected plant SN values
for soil 6"°N and calculated AS"°N, the deviation of 6'°N
plants from soil 8'°N (Amundson et al. 2003). A'°N was
negative across all 18 sites for all species (Fig. 2). Negative
AS"N values are typically considered to result from
mineral soil N uptake, which is depleted in >N compared
to bulk soil N or soil organic N (Mariotti et al. 1981;
Robinson 2001). It has been shown that plants can dis-
criminate against '°N during N acquisition, either directly,
or indirectly via associations with mycorrhizal fungi
(Evans et al. 1996; Michelsen et al. 1996; Hobbie et al.
2000; Hobbie and Colpaert 2003). Direct discrimination
against '°N during N uptake is, however, considered not to
be relevant in ecosystems where N is a critical and limiting
resource such as in the extensively managed temperate
grasslands investigated in this study (McKee et al. 2002).
Also, isotopic fractionation associated with N uptake via
mycorrhizal fungi has typically been observed in ecto- or
ericoid mycorrhizal plants (Emmerton et al. 2001). In the
grasslands investigated here, only arbuscular mycorrhizal
fungi (AMF) infections of roots were found (Bdrstler et al.
2006), and AMF plants are assumed to discriminate only
marginally against '°N during N uptake (Handley et al.
1993; Azcon-G-Aguilar et al. 1998). Consequently, we
conclude that A3"°N values of plant material in our study
are in fact driven by the uptake of '’N-depleted inorganic
N and that plant material reflects the 6'°N signature of
plant available soil N.

Across the 18 sites, Ad'°N values of grasses and forbs
were not constant, but became less negative (less 5N
depleted compared to soils) with increasing net N
mineralization in the soil (Fig. 2). Assuming that average
plant "N of a site reflects the 6'°N signature of the plant’s

N source, i.e., mineral N, this pattern indicates that soil
mineral N becomes increasingly enriched in '°N with
increasing net N mineralization. This finding matches our
interpretation of bulk soil 8N, which becomes enriched
with increasing soil N mineralization (Fig. 1) since acce-
lerating losses of '>N-depleted NOs, N,O and N, with
increasing net N mineralization result in "’N enrichment of
the remaining inorganic N pool. Changes in average Ad'°N
values across different ecosystems therefore reflect rates of
N mineralization in soils.

Despite net N mineralization explaining some of the
variation in overall plant AS'°N, there remains a large
variability among different species within each site (Fig. 2).
Based on the assumptions that: (1) the observed Ad'°N
values of plants largely reflect the 6'°N signature of their N
source; and (2) the fact that NO3 and NHJ can vary sub-
stantially in their 6'°N signature depending on the relative
rates of mineralization, nitrification and denitrification
(Shearer et al. 1974; Mariotti et al. 1981; Handley and Raven
1992), we tested if differences in NO3 versus NH} uptake
might explain the variability in Ad'°N values among plant
species within a site. Interestingly, NO3 uptake showed no
significant effect on leaf Ad'°N values (Fig. 3; Table 2).
Although not specifically tested in this study, the location of
NOj3 assimilation (roots or foliage) can vary among plants.
Due to strong isotope effects during plant NO3 ™ assimilation,
any difference in the location of NOj3 assimilation could
obscure a potential 6'°N signal derived from soil NO3 in
plant tissues, and could thus explain the lack of a direct
influence of NO3 uptake on leaf S"°N (Pate et al. 1993).

Other than NO3 , NH} uptake and the ratios of NO3
to NHZ uptake significantly affected Ad'°N of plants, with
increasing NH} uptake leading to decreased Ad'°N values
(Fig. 3; Table 2). We are aware of only two other studies
that have directly tested the effects of NO3 and NHJ
uptake on foliar 8'°N values (Miller and Bowman 2002;
Falkengren-Grerup et al. 2004). Interestingly, both studies
found that plant 6'°N values decreased with increasing
NO3:NH} uptake ratio, a relationship that is opposite in
direction to what we found in our experiment (Fig. 3).
These contrasting results suggest that >N enrichment of
NH} compared to NO3 can vary significantly in different

Fig. 3 The relationship -2 2
between NO3 or NH uptake < 25 :S;ls:es o 1 1 ®e | 25 =
and predicted A6"°N (5"°N & L R
plant — "N soil) for 30 plant E S [ a .. P he, 1° 3
individuals from seven forb % 35 A ““:‘ “A N, La ] | ‘..Ar 185 ©
species (14 individuals) and O Ll °* o ot , L LA 14 g
eight grass species (16 ;' . . o 4 s ° a
individuals) as predicted by the o N o A 1 T . 14° Z
ANOVA models in Table 2. N g st A AL o AL |} s =
uptake was determined in site 2, 55 . . . , , . , R I
site 4 and site 7 0 50 100 150 200 0 25 50 75 100 125 0 05 1 15 2 25 3 35 4
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Fig. 4 The relationship
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ecosystems, depending on the nature of the N cycle. In an
ecosystem with a closed N cycle, inorganic N compounds
become increasingly depleted in >N along the N cycle,
i.e., NO3 is "N depleted compared to NHj, and there-
fore plants should also become depleted with increasing
NO3:NH} uptake (Mariotti et al. 1981; Nadelhoffer and
Fry 1994; Robinson 2001). However, NO3 can become
enriched in '°N compared to NH} in ecosystems where
denitrification rates are high (Mariotti et al. 1981; Piccolo
et al. 1994; Robinson 2001; Houlton et al. 2006, 2007;
Portl et al. 2007). For extensively managed temperate
grasslands such as investigated in this study denitrification
has been shown to be an important path of N loss (Tilsner
et al. 2003a, b). Consequently, denitrification causing
NO3 to become SN enriched compared to NHZ could
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explain why plants with greater NO3 over NHJ uptake
are enriched in '>N. Our data therefore confirm the studies
of Miller and Bowman (2002) and Falkengren-Grerup
et al. (2004) showing that within an ecosystem the vari-
ability of foliar AS'°N values gives important information
on the plants’ NO3 :NH} uptake ratio. However, our study
also shows that the direction of the relationship between
foliar AS'°N values and the plants’ NO3 :NH} uptake ratio
can vary, depending on the dynamics of the N cycle of the
ecosystem under consideration.

Interestingly, the effect of NO3 to NHj uptake on
AS"N in our study was independent of a plant’s func-
tional group identity (Table 2). This suggests that leaf
AS"N is not affected by fractionation patterns during N
uptake specific to functional groups nor by functional



Oecologia (2008) 156:861-870

869

group-specific differences in internal N allocation. Con-
sequently, the 9'°N signature of the plant’s N source is a
critical driver of variability in Ad'°N among plant species
within an ecosystem.

We tested if the observed patterns of within-site vari-
ability in AS"’N among species are consistent across the 18
sites or vary in a functional group- or species-specific
manner (Table 3). Both, functional group- and species-
specific effects on AS"N were detected, but the effects
were dependent on net N mineralization rates (Fig. 4;
Table 3). In addition, depending on the identity of a species,
the abundance of a particular species also had a significant
effect on AS'°N. In summary, functional groups as well as
species within these functional groups differed significantly
in AN, but the patterns of these differences varied across
sites with N mineralization rates and abundance. There are
two possible explanations for changes in a species’ foliar
AN across sites (see also Houlton et al. 2007, addressing
similar mechanisms in tropical rainforest species). First:
along an environmental gradient, plants might shift their N
source as a result of changes in their competitive strength
(abundance) compared to other plants and microorganisms.
Assuming that the 6'N values of NO3 and NHZ remain
constant along the gradient, changes in plants’ foliar A§'°N
values would then reflect a shift in N sources. Second: 6'°N
values of NO3 and NHj shift with changing environmental
conditions and changes in plants’ foliar A5'°N values would
reflect these changes in soil N dynamics assuming that
plants do not change their N source. Unfortunately we
cannot distinguish between the two possible explanations in
this study since we did not determine the §'°N values of
NO3 and NHj given the uncertainties and complexity of
the methods involved in these analyses and the vast number
of samples that would have to be processed to account for
the seasonal and spatial variability in isotope composition
of plant-available N pools for 18 different sites. Method
development towards an easier assessment of isotopic ratios
in soil NO3 and NH (and soluble organic N) are urgently
needed so that ecologists can exploit the full potential of
contrasting foliar 5'°N values among plant species within
and across different sites. This may not only allow a more
detailed assessment of ecosystem N dynamics but also the
determination of shifts in plant—plant and plant-microbe
interactions when competing for different soil N sources
along environmental gradients.

Acknowledgements This study was supported by grant LC0013 in
the BIOLOG program of the German Federal Ministry for Education
and Research (BMBF). We thank Amy Austin and two anonymous
referees for valuable comments on an earlier version of this manu-
script. We are grateful to Wolfgang W. Weisser for administrating the
grant LC0013, Mathias Putze for assistance in the field as well as
Willi Brand, Heike Geilmann, Ines Hilke and Claudia Rasch for
sample preparation and technical assistance in the isolab.

References

Amundson R, et al. (2003) Global patterns of the isotopic compo-
sition of soil and plant nitrogen. Global Biogeochem Cycles
17:31.31-31.10

Austin AT, Vitousek PM (1998) Nutrient dynamics on a precipitation
gradient in Hawai’i. Oecologia 113:519-529

Azcon-G-Aguilar R, Handley LL, Scrimgeour CM (1998) The §'°N
of lettuce and barley are affected by AM status and external
concentration of N. New Phytol 138:19-26

Borstler B, Renker C, Kahmen A, Buscot F (2006) Species
composition of arbuscular mycorrhizal fungi in two mountain
meadows with differing management types and levels of plant
biodiversity. Biol Fertil Soils 42:286-298

Brenner DL, Amundson R, Baisden WT, Kendall C, Harden J (2001)
Soil N and "N variation with time in a California annual
grassland ecosystem. Geochim Cosmochim Acta 65:4171-4186

Choi WJ, Ro HM, Hobbie EA (2003) Patterns of natural 5N in soils
and plants from chemically and organically fertilized uplands.
Soil Biol Biochem 35:1493-1500

Emmerton KS, Callaghan TV, Jones HE, Leake JR, Michelsen A,
Read DJ (2001) Assimilation and isotopic fractionation of
nitrogen by mycorrhizal and nonmycorrhizal subarctic plants.
New Phytol 151:513-524

Emmett BA, Kjonaas OJ, Gundersen P, Koopmans C, Tietema A,
Sleep D (1998) Natural abundance of 5N in forests across a
nitrogen deposition gradient. For Ecol Manage 101:9-18

Evans RD (2001) Physiological mechanisms influencing plant
nitrogen isotope composition. Trends Plant Sci 6:121-126

Evans RD, Bloom AJ, Sukrapanna SS, Ehleringer JR (1996) Nitrogen
isotope composition of tomato (Lycopersicon esculentum Mill.
cv. T-5) grown under ammonium or nitrate nutrition. Plant Cell
Environ 19:1317-1323

Falkengren-Grerup U, Michelsen A, Olsson MO, Quarmby C, Sleep
D (2004) Plant nitrate use in deciduous woodland: the relation-
ship between leaf N, 5N natural abundance of forbs and soil N
mineralisation. Soil Biol Biochem 36:1885-1891

Garten CT, van Miegroet H (1994) Relationships between soil
nitrogen dynamics and natural '>N abundance in plant foliage
from Great Smoky Mountains National Park. Can J For Res Rev
Can Rech For 24:1636-1645

Handley LL, Raven JA (1992) The use of natural abundance of
nitrogen isotopes in plant physiology and ecology. Plant Cell
Environ 15:965-985

Handley LL, Daft MJ, Wilson J, Scrimgeour CM, Ingleby K, Sattar
MA (1993) Effects of the ecto-mycorrhizal and VA-mycorrhizal
fungi Hydnagium carneum and Glomus clarum on the 5"N and
8'3C values of Eucalyptus globulus and Ricinus communis. Plant
Cell Environ 16:375-382

Handley LL, Scrimgeour CM, Raven JA (1998) "N natural
abundance levels in terrestrial vascular plants: a précis. In:
Griffiths H (ed) Stable isotopes. BIOS, Oxford, pp 89-98

Hart SC, Stark JM, Davidson EA, Firestone MK (1994) Nitrogen
mineralization, immobilization and nitrification. In: Mickleson
SH (ed) Methods of soil analysis Part 2: microbial and
biochemical properties, vol 5. Soil Science Society of America,
Madison, pp 985-1018

Hobbie EA, Colpaert JV (2003) Nitrogen availability and coloniza-
tion by mycorrhizal fungi correlate with nitrogen isotope
patterns in plants. New Phytol 157:115-126

Hobbie EA, Macko SA, Williams M (2000) Correlations between
foliar 6'°N and nitrogen concentrations may indicate plant—
mycorrhizal interactions. Oecologia 122:273-283

Hogberg P (1990) Forests losing large quantities of nitrogen have
elevated '>N/'*N ratios. Oecologia 84:229-231

@ Springer



870

Oecologia (2008) 156:861-870

Hégberg P (1991) Development of '°N enrichment in a nitrogen
fertilized forest soil plant system. Soil Biol Biochem 23:335-338

Hégberg P (1997) Tansley review no 95: '°N natural abundance in
soil-plant systems. New Phytol 137:179-203

Houlton BZ, Sigman DM, Hedin LO (2006) Isotopic evidence for
large gaseous nitrogen losses from tropical rainforests. Proc Natl
Acad Sci USA 103:8745-8750

Houlton BZ, Sigman DM, Schuur EAG, Hedin LO (2007) A climate-
driven switch in plant nitrogen acquisition within tropical forest
communities. Proc Natl Acad Sci USA 104:8902-8906

Johannisson C, Hogberg P (1994) '°N abundance of soils and plants
along an experimentally induced forest nitrogen supply gradient.
Oecologia 97:322-325

Kahmen A, Perner J, Audorff V, Weisser W, Buchmann N (2005a)
Effects of plant diversity, community composition and environ-
mental parameters on productivity in montane European
grasslands. Oecologia 142:606-615

Kahmen A, Perner J, Buchmann N (2005b) Diversity-dependent
productivity in semi-natural grasslands following climate per-
turbations. Funct Ecol 19:594-601

Kahmen A, Renker C, Unsicker S, Buchmann N (2006) Niche
complementarity for nitrogen: an explanation for the biodiversity
and ecosystem functioning relationship? Ecology 87:1244-1255

Korontzi S, Macko SA, Anderson IC, Poth MA (2000) A stable
isotopic study to determine carbon and nitrogen cycling in a
disturbed southern Californian forest ecosystem. Global Bio-
geochem Cycles 14:177-188

Mariotti A, et al. (1981) Experimental determination of nitrogen
kinetic isotope fractionation—some principles illustration for the
denitrification and nitrification processes. Plant Soil 62:413-430

McKee KL, Feller IC, Popp M, Wanek W (2002) Mangrove isotopic
(6N and 6'3C) fractionation across a nitrogen vs. phosphorus
limitation gradient. Ecology 83:1065-1075

Michelsen A, Schmidt IK, Jonasson S, Quarmby C, Sleep D (1996)
Leaf '>N abundance of subarctic plants provides field evidence
that ericoid, ectomycorrhizal and non- and arbuscular mycor-
rhizal species access different sources of soil nitrogen. Oecologia
105:53-63

Miller AE, Bowman WD (2002) Variation in >N natural abundance
and nitrogen uptake traits among co-occurring alpine species: do
species partition by nitrogen form? Oecologia 130:609-616

Nadelhoffer KJ, Fry B (1994) Nitrogen isotope studies in forest
ecosystems. In: Lajtha K, Michener RH (eds) Stable isotopes in

@ Springer

ecology and environmental sciences. Blackwell, Oxford, pp 22—
44

Pardo LH, Hemond HF, Montoya JP, Fahey TJ, Siccama TG (2002)
Response of the natural abundance of '>N in forest soils and
foliage to high nitrate loss following clear-cutting. Can J For Res
Rev Can Rech For 32:1126-1136

Pardo LH, et al. (2006) Regional assessment of N saturation using
foliar and root §'°N. Biogeochemistry 80:143-171

Pate JS, Stewart GR, Unkovich M (1993) 5N natural abundance of
plant and soil components of a Banksia woodland ecosystem in
relation to nitrate utilization, life form, mycorrhizal status and
N,—fixing abilities of component species. Plant Cell Environ
16:365-373

Piccolo MC, Neill C, Cerri CC (1994) Natural abundance of "N in
soils along forest to pasture chronosequences in the western
Brazilian Amazon basin. Oecologia 99:112-117

Portl K, Zechmeister-Boltenstern S, Wanek W, Ambus P, Berger TW
(2007) Natural >N abundance of soil N pools and N,O reflect
the nitrogen dynamics of forest soils. Plant Soil 295:79-94

Robinson D (2001) "N as an integrator of the nitrogen cycle. Trends
Ecol Evol 16:153-162

Scherer-Lorenzen M, Palmborg C, Prinz A, Schulze ED (2003) The
role of plant diversity and composition for nitrate leaching in
grasslands. Ecology 84:1539-1552

Shearer G, Duffy J, Kohl DH, Commoner B (1974) Steady-state
model of isotopic fractionation accompanying nitrogen transfor-
mations in soil. Soil Sci Soc Am J 38:315-322

Templer PH, Arthur MA, Lovett GM, Weathers KC (2007) Plant and
soil natural abundance '’N: Indicators of relative rates of
nitrogen cycling in temperate forest ecosystems. Oecologia
153:399-406

Tilsner J, Wrage N, Lauf J, Gebauer G (2003a) Emission of gaseous
nitrogen oxides from an extensively managed grassland in NE
Bavaria, Germany. II. Stable isotope natural abundance of N,O.
Biogeochemistry 63:249-267

Tilsner J, Wrage N, Lauf J, Gebauer G (2003b) Emission of gaseous
nitrogen oxides from an extensively managed grassland in NE
Bavaria, Germany. I. Annual budgets of N,O and NOx
emissions. Biogeochemistry 63:229-247

Vitousek PM, Howarth RW (1991) Nitrogen limitation on land and in
the sea—how can it occur. Biogeochemistry 13:87-115



	Foliar &dgr;15N values characterize soil N cycling and reflect �nitrate or ammonium preference of plants along a temperate grassland gradient
	Abstract
	Introduction
	Materials and methods
	Study sites
	Edaphic variables
	Foliar &dgr;15N
	N uptake
	Data analysis and statistics

	Results
	Discussion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


