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Abstract. Over the last century an increase in mean soil surface temperature has been observed, and it is pre-
dicted to increase further in the future. In order to evaluate the legacy effects of increased temperature on both
nitrogen (N) transformation rates in the soil and nitrous oxide (N>QO) emissions, an incubation experiment and
modelling approaches were combined. Based on previous observations that gross N transformations in soils are
affected by long-term elevated-temperature treatments we hypothesized that any associated effects on gaseous
N emissions (e.g. N»O) can be confirmed by a change in the relative emission rates from various pathways.
Soils were taken from a long-term in situ warming experiment on temperate permanent grassland. In this ex-
periment the soil temperature was elevated by 0 (control), 1, 2 or 3 °C (four replicates per treatment) using IR
(infrared) lamps over a period of 6 years. The soil was subsequently incubated under common conditions (20 °C
and 50 % humidity) and labelled as N O;S NH4 Gly, '’NO3;NH, Gly or NO3NH, >N-Gly. Soil extractions and
N,O emissions were analysed using a !N tracing model and source-partitioning model. Both total inorganic N
(NO3 + NHI) and NOj3’ contents were higher in soil subjected to the +2 and +3 °C temperature elevations (pre-
and post-incubation). Analyses of N transformations using a N tracing model showed that, following incuba-
tion, gross organic (but not inorganic) N transformation rates decreased in response to the prior soil warming
treatment. This was also reflected in reduced N> O emissions associated with organic N oxidation and denitrifica-
tion. Furthermore, a newly developed source-partitioning model showed the importance of oxidation of organic
N as a source of N»O. In conclusion, long-term soil warming can cause a legacy effect which diminishes organic
N turnover and the release of N>O from organic N and denitrification.
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1 Introduction

Globally, managed pastures were estimated to occupy
34.7 millionkm? in 2000, and this area is projected to in-
crease by a further 13.4 % by 2050 (Tilman et al., 2001).
Concomitantly, the Earth’s mean surface temperature has in-
creased by 0.6 °C in the past century with surface tempera-
tures expected to increase by a further 1.5-4.5 °C resulting
from a doubling of the atmospheric carbon dioxide (CO,)
concentration (IPCC, 2013). Agricultural soils play a central
role in the global carbon (C) and nitrogen (N) cycles (French
et al., 2009), and C-N interactions are to a large extent af-
fected by temperature (Luo, 2007). Thus, research into the
effect of elevated soil temperatures is essential to better un-
derstand biogeochemical N cycling in grassland ecosystems.

Previous research generally showed an increase in both
net (Peterjohn et al., 1994; Rustad et al., 2001; Norby and
Luo, 2004; Butler et al., 2012; Bai et al., 2013; Bjorsne et
al., 2014; X. Z. Zhang et al., 2015) and gross (Larsen et
al., 2011; Bjorsne et al., 2014) N mineralization under ele-
vated soil temperatures. However, not all studies found this
effect (Emmett et al., 2004; Niboyet et al., 2011; Andresen
et al., 2015). An effect on N immobilization or nitrification
was generally not observed (Emmett et al., 2004; Barnard et
al., 2005; Andresen et al., 2010; Niboyet et al., 2011; Bai et
al., 2013; Bjorsne et al., 2014). In their meta-analyses, Dijk-
stra et al. (2010) and Bai et al. (2013) identified increases
in inorganic N under elevated soil temperatures. Most of
this inorganic N increase occurred as nitrate (NO3') (Dijk-
stra et al., 2010). Peterjohn et al. (1994) also found that aver-
age monthly ammonium (NHI) concentrations increased in
amineral soil under forest; however, daily average concentra-
tions did not differ. In the same study, no differences in NO5
concentrations were observed, and the amount of extractable
NOj was very small. Another meta-analysis showed no ef-
fect of soil warming on total soil N, NHI or NO; in a Ti-
betan grassland (X. Z. Zhang et al., 2015). Other studies also
found no effect of soil warming on total soil N (Bai et al.,
2013) and inorganic N (Larsen et al., 2011).

N mineralization follows a step-wise sequence of pro-
tein depolymerization by extracellular activity to oligomers
(e.g. peptides) and monomers (e.g. amino acids) and then
uptake by microorganisms before mineralization to NHI
(Schimel and Bennett, 2004). Hence, the production of pep-
tides and amino acids as well as the mineralization of amino
acids, affects the main fluxes regulating gross N mineraliza-
tion. Amino acids have a short residence time in the soil due
to either rapid assimilation by soil microbes or mineraliza-
tion, which occurs within a few hours (Farrell et al., 2014).
In heathland and grassland soils, no effect of soil warming
on the amino acid concentration has been observed (Chen et
al., 2014; Andresen et al., 2015).

Nitrous oxide (N2O), a potent greenhouse gas with a
global warming potential of 298 on a 100-year basis, can be
produced by several processes, such as nitrification, partial
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denitrification, co-denitrification and the oxidation of organic
matter (Butterbach-Bahl et al., 2013; J. Zhang et al., 2015)
(Fig. 1). Laughlin and Stevens (2002) confirmed the impor-
tance of co-denitrification for N, production, a process that
may comprise 25 % of the total N balance in pastures (Sel-
bie et al., 2015). Miiller et al. (2014) found that, for the same
grassland soil as used in this study, co-denitrification con-
tributed 17.6 % of the total N, O production. N>O emissions
following fertilization with ammonium nitrate (NH4NO3)
may be greater than from urea fertilizer because of the greater
susceptibility to denitrification (Harrison and Webb, 2001).
The amount and form of N inputs primarily govern N,O
emissions, with further impacts resulting from climatic fac-
tors, such as temperature and precipitation, and soil factors,
such as C availability and microbial community structure
(Harrison and Webb, 2001; Miiller et al., 2003; Stark and
Richards, 2008; Laughlin et al., 2009; Li and Lang, 2014).
However, the impact of elevated soil temperature on N,O
production, in semi-natural grasslands is unclear (Peterjohn
et al., 1994; Bijoor et al., 2008; Larsen et al., 2011). Fur-
thermore, there has been very limited research into the effect
of elevated soil temperature on the different NoO produc-
tion processes. Maag and Vinther (1996) observed a decrease
in nitrification-associated N, O emissions and an increase in
denitrification-associated N> O with increasing soil tempera-
ture. It has been suggested that this was due to the creation of
anoxic conditions and the associated depletion of oxygen fol-
lowing the increase in microbial respiration with higher soil
temperatures (Castaldi, 2000). Prolonged elevated soil tem-
peratures, on the other hand, could also lead to changes in the
microbial community (Avrahami and Conrad, 2003; French
et al., 2009).

Several methods, such as source partitioning, have been
used to quantify the contributions of individual N pools
to N2O emissions (Stange et al., 2009, 2013; Riitting et
al., 2010; Zhang et al., 2011; Zhu et al., 2011; Miiller et
al., 2014). However, one of the assumptions of the source-
partitioning method is the absence of hybrid reactions such
as co-denitrification (J. Zhang et al., 2015). Because of the
potential importance of co-denitrification for the N,O pro-
duction, it should not be omitted from the analysis of N,O
sources. Currently, only one technique is available to identify
several processes including a hybrid reaction, which is a full
5N tracing approach (Miiller et al., 2014). This approach,
however, requires data on NO, , NO; and NHI pool sizes
and measurements at multiple time points. Furthermore, it
requires at least multiple days of running the model to be
able to distinguish the different processes. A straightforward
method partitioning N>O fluxes into several pathways in-
cluding a hybrid reaction, which does not rely on measure-
ments of NO, and data at multiple time points, would there-
fore be very beneficial.

The objectives of this study were to quantify the legacy ef-
fects of 6 years of elevated temperature (via IR heaters) on
soil N cycling dynamics, including (1) net and gross N trans-
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Figure 1. N>O production via four processes (nitrification, denitrification, co-denitrification and oxidation of organic N). Three uniformly
distributed pools were considered. These pools were ammonium (NHI) with a 19N atom fraction of ap, nitrate (NO3') with a I5N atom

fraction of aq and organic N with a I5N atom fraction of ao (=0.003663). The N, O produced via co-denitrification consists of one N atom

from the nitrate pool and one from the organic N pool.

formation rates in the soil, (2) N>O fluxes immediately after
fertilization and (3) the processes responsible for these N,O
fluxes. Net and gross transformation rates were determined
using an extended version of a basic N tracing model de-
scribed by Miiller et al. (2007). Since the publication of this
basic model in 2007, more than 50 peer-reviewed papers have
been published, where the basic model or modifications of
the basic model have been used, demonstrating the robust-
ness of the approach in various soils, ecosystems and climatic
conditions. To determine the processes involved in N, O pro-
duction, a new source-partitioning method was developed
to allow the identification of hybrid reactions. This source-
partitioning method is a newly developed method and not a
modification of the SN tracing model. To identify the legacy
effect of different in situ temperature treatments on the in-
ternal N transformation processes, soil incubations were car-
ried out under identical moisture and temperature conditions
in the laboratory. Based on previous observations that gross
N transformations in soils are affected by long-term elevated-
temperature treatments, we hypothesized that any associated
effects on gaseous N emissions (e.g. NpO) can be confirmed
by a change in the relative emission rates from various path-
ways. Thus, the newly developed source-partitioning method
would be helpful to confirm such a change.

2 Material and method

2.1 Site description and field treatment

The 100 m? site was established on a permanent grassland
of the “Environmental Monitoring and Climate Impact Re-
search Station Linden” in Germany (50°31.6’N, 8°41.7'E).
A full description of the site can be found in Jansen-
Willems et al. (2016). Briefly, the site has been managed as
a meadow with two cuts per year and fertilized with 50—
80kgNha~!yr~! for the last 3 decades. Since 1995, the
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N fertilizer input has been reduced to 40kgNha~!yr~!, as

KAS (calcium—ammonium-nitrate). The mean annual tem-
perature and precipitation were 9.5 °C and 560 mm (obser-
vation period: 1995-2014), respectively.

The site was divided into 16 plots: four rows of four plots.
The 16 plots were, according to a Latin square design, as-
signed to one of four treatments. From 28 January 2008,
the soil temperature of each plot, measured at 5cm depth,
was elevated by 0, 1 (mean 0.8 standard error (SE) 0.02),
2 (mean 1.9 SE 0.03) or 3 (mean 2.6 SE 0.03) °C above am-
bient temperature, using infrared heaters. The use of heaters
will also affect the soil moisture content. The temperature
treatments (including any moisture effect) are referred to as
Teontrol, T1, T> and T3, respectively. The infrared heaters were
installed at different heights to create the different tempera-
ture elevations (Jansen-Willems et al., 2016).

2.2 Incubation, labelling and extraction

On the day the heaters were turned off, all soil within a
circular area of 318 cm? directly underneath each infrared
lamp was excavated to 7.5 cm for the tracing experiment. A
small subsample of each plot was dried at 70 °C for 48h,
ground and analysed by a CNH Macro Elemental Analyser
(Hanau, Germany) for total N content. A subsample of the
soil for each plot was dried at 105 °C for 24 h to determine
the soil gravimetric water content. The remaining field-moist
soil was kept at 4 °C (for less than 60 h) until further analysis
whereupon the soil from each field plot was sieved through
a 10mm sieve to homogenize it and to remove roots. In-
cubations were carried out in 750 mL jars (WECK GmbH
u. Co. KG, Wehr, Germany). Thirteen jars per field plot were
prepared each with an average of 67 (SD 8.4) g dry soil per
jar (except for plots 3, 5, 7, 11 and 14, where only 10 jars
were prepared due to lack of soil). All jars were closed with
glass lids that were fitted with septa to allow for gas sam-
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pling. During gas flux analyses the jars were sealed using a
clamp and a rubber ring between the jar and the lid. At other
times a gap was left between the jar and the lid to allow air
exchange while minimizing water loss. Two days after soil
sampling (day —55), all jars were put in a dark climate cham-
ber at 20 °C and 50 % humidity and incubated for 55 days
prior to 13N labelling (day 0).

Soil gravimetric moisture data were used to determine the
exact amount of dry soil in each jar and to calculate the
amount of water to be added to ensure the same soil water
content in each jar. On day —53 the soil moisture in each jar
was adjusted to a water-filled pore space (WFPS) of 64 %.
On day —43 and —S5 the jars were watered to replenish the
water lost due to evaporation.

For the N tracing study three different labels were
used, NOJ’NH, Gly, ’NO3NHy4 Gly and NO3NH, 1°N-Gly
(at 60, 60 and 99 atm % 5N, respectively). All solutions con-
tained 50 ug NO3-N, 50 ug NH4-N and 30 pg Gly-N g~ ! soil.
On day 0, the label was added to each jar using a needle
with side ports to inject the solution into the soil to minimize
disturbance while providing an equal distribution in the soil
(Miiller et al., 2007). For each field plot, jars were set up for
four soil extractions, at day 0, 1, 3 and 6, and three labels,
except for plot 3, 5, 7, 11 and 14, where, due to the lack of
soil, no NO3NHy '"N-Gly label addition was possible.

The soil in each jar was extracted with 2 M KCI using the
blending procedure of Stevens and Laughlin (1995). The N
enrichments of NO;™ and NHI in the extracts were deter-
mined by converting NO; and NHA|r into N> O following the
procedures by Stevens and Laughlin (1994) for determina-
tion of the !N enrichment in NOj3 and Laughlin et al. (1997)
for the >N enrichment in NHI. The extraction of soil prior
to PN addition took place on day —2. The other extrac-
tions took place at 0.11 days (£0.004), 1.02 days (£0.001),
2.95 days (£0.001) and 5.93 days (£0.001) after >N sub-
strate addition and are hereafter referred to as day 0, 1, 3 and
6.

2.3 Gas sampling

Gas samples were taken from 43 different jars (one jar per
I5N label) for each plot. During the pre-incubation gas sam-
ples were taken 1, 46 and 48 days before label addition. After
labelling, gas samples were taken immediately prior to soil
extractions.

Gas samples were taken using a 60 mL syringe (Ecoject
Plus, Gelnhausen, Germany). At time zero (fp) 15 gas sam-
ples were taken from 15 different jars. Then at time 1 (#1)
a gas sample was taken through the rubber septum. At both
to and t; the syringe was flushed twice with headspace gas
to ensure a representative sample was taken. The times be-
tween fy and f; during each of the seven different gas sam-
plings (three before label addition and four immediately prior
to extraction) were 120-129, 120, 180, 233, 240, 235 and
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214 min, respectively. Gas samples were analysed within
24 h after sampling using a gas chromatograph (GC; Bruker)
equipped with an electron capture detector (ECD) for N,O
analysis. An average of the concentrations measured in the
15 samples was used as the 7y concentration for all 43 jars.
Fluxes were based on the parts per million and time differ-
ence between f( and #;. They were calculated using the con-
stant gas law, with ambient pressure, and temperature was as-
sumed to be 20 °C (the temperature of the incubation room).
The fluxes were then converted to a per dry gram basis.

For the !N abundance of N0, a 30 mL sample was taken
at #; and transferred to a 12mL Exetainer® vial (Labco
Ltd, High Wycombe, Buckinghamshire, UK). The over-
pressurized sample vials were returned to ambient pressure
immediately before analyses of stable isotopes. This was
performed using a double-ended needle fixed vertically in
a clamp stand with the ventral needle submerged 3—4 mm
in a beaker of water and the gas sample held upside down
and pushed onto the dorsal needle. The excess pressure in
the sample vial was thus released causing the water to bub-
ble until the pressure inside the vial had equilibrated with
the ambient atmospheric pressure. Cessation of bubbling
implied equal pressure had been reached. The >N enrich-
ments of PN>O and N, were determined using an auto-
mated isotope ratio mass spectrometer (Sercon Ltd 20-20),
as described by Stevens et al. (1993), interfaced to a TGII
cryofocusing unit (Sercon Ltd 20-20). The detection limit
for atom % N of a 50 ppm N,O standard gas was 0.00003
(n=10); SD was 0.00009 atom % !°N. Respective values
for a 0.4 ppm N> O standard were higher (0.00084 (n = 10);
SD 0.003).

2.4 5N tracing model

The N tracing analysis tool described by Miiller et
al. (2007) was used to quantify gross soil N transformations.
In the current study, the only changes to the original model
were the addition of an amino acid (glycine) pool and the
transformations to and from this pool. The model (Fig. 2)
considered 7 N pools and 13 N transformations. The N pools
were NHI, NOj', amino acid glycine (AA), labile (Njap) and
recalcitrant (Nec) organic N, adsorbed ammonium (NHj{ads),
and stored nitrate (NOj, ).

The initial NO5" and NHI pool sizes were determined by
extrapolating the first two extraction times back to time zero.
The initial AA pool size was set to 30ugNg~! soil, cor-
responding to the application of glycine (Gly). The initial
NHIads and NO_, , were based on the difference between the
added and initial N (Miiller et al., 2004). The initial pool sizes
for organic N (N;.. and Nj,p) were based on previous field
measurements. However, these organic N values were not
critical because for Nye¢, zero-order kinetics were used (inde-
pendent of initial pool size), and for Niup, the quick turnover
time ensures that a small pool will be governed quickly by
the dynamics of the in- and out-flowing rates.
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Table 1. Description of N transformations and average gross N fluxes per treatment (diagram shown in Fig. 2). Standard deviation in brackets.
K stands for kinetics, where 0 implies the use of zero-order and 1 the use of first-order kinetics in the model. The p is the p value of the
one-way ANOVA, with ns (non-significant) if p > 0.1 (p value in bold if < 0.05). For the Holm-Sidak pairwise comparisons, ? indicates a

tendency to be different from control (p < 0.10).

Transformation K Average gross flux (ug N gsoil ! day—1) p
Teontrol T ‘ T ‘ T3 ‘
MN,.. Mineralization of Nyec to NHI orAA 0 3.18 (1.95) 542 (250) 0.91 (0.73) 1.35 (0.90)  0.040
INH,N,.. Immobilization of NHI to Nrec 1 1612 (9.23) 13.43  (6.92) 17.45 (6.53) 472  (3.65) ns
Mny,, Mineralization of Njgp, to NHI orAA 1 3586 (16.49) 28.01 (8.92) 36.14  (10.17) 35.43 (8.78) ns
INH,N,;, Immobilization of NHLIL to Niap 1 3059 (19.34) 2228  (14.65) 30.54  (8.82) 29.59  (19.78) ns
ONiec Oxidation of Nrec to NO3’ 0 3.64  (0.96) 1.99  (1.31) 202 (0.56) 292 (1.34) ns
Ino, Immobilization of NO3' to Nrec 1 564 (274) 215 (1.31) 457  (2.62) 497  (3.10) ns
ONH, Oxidation of NHI to NO3’ 1 1540  (2.30) 11.64  (1.65) 14.21 (1.92) 1526  (2.58) ns
DNo; Dissimilatory NO3 reduction to NHI 0 0.18 (0.05) 024  (0.12) 036  (0.12) 0.14  (0.10) ns
ANH, Adsorption of NHI 1 3426 (19.67) 2041 (19.61) 23.64 (11.50) 1581 (12.84) ns
RNH,a Release of adsorbed NHI 1 3322 (21.43) 2051 (12.33) 2477 (6.15) 16.41 (9.07) ns
ANO; Adsorption of NO3’ 1 28.08 (14.18) 5523 (37.72) 82.39 (58.45) 62.99 (47.75) ns
RNOss Release of stored NO3’ 1 2370 (10.48) 53.23  (10.63) 78.49  (36.84) 59.96 (22.29) 0.096
Man Mineralization of AA to NHI 1 3221 (7.67) 17.40  (4.32) 2729  (9.52) 1532 (3.63) 0.045
I
My,
Nlab Nrec )

T MN/ab

Dvmanian l l Dntranirec
ANH4
i jﬂll-ﬂa
+
NH4 ads

NH4+ :IONH4 —> NO3- !

ANO}

y
— NO3-sto

Figure 2. 1N tracing model for analyses of gross soil N transformation rates. Abbreviations of the transformations are explained in Table 1.

The pools are explained in Sect. 2.4.

The N transformations are described in Table 1. The
N transformations were calculated based on zero- or first-
order kinetics (Table 1). Whether Ny, and Ny, were trans-
formed into AA or NH;L'r was determined by two factors:
one for My, and one for M,,.. These factors determine
the fraction of the My, or My, flowing into the AA pool,
with the remainder entering the NH;fIr pool. For each temper-
ature treatment the kinetic parameters and the two split fac-
tors were simultaneously optimized by minimizing the misfit
between the modelled and measured NHI and NO;r concen-
trations and their respective >N enrichments (Miiller et al.,
2004). For treatment 7> the measurements of the "N Gly la-
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bel were not included in the optimization because only one
replicate was available for this label.

A Markov chain Monte Carlo Metropolis algo-
rithm (MCMC-MA) was used for the optimization,
which practices a random walk technique to find global
minima (Miiller et al., 2007). The uncertainties (standard
deviation) of the observations were taken into account by
the optimization routine. The MCMC-MA routine was pro-
grammed in MatLab-Simulink (Mathworks Inc) as described
in Miiller et al. (2007). The most suitable parameter set was
determined using the Akaike information criterion (AIC).
Gross and net nitrification and gross and net mineralization
were calculated using Egs. (1)—-(4), in which SF stands for
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split factor. The combined standard deviation was calculated
by ((SD rate 1)?> + (SD rate 2)> + ...)%, in which the SD of
MN, . SFpy, is the SD of My, multiplied by the SF.

The following combined rates were calculated.

Gross nitrification : On,,. + ONH, (H
Net nitrification : On,,. + OnH, — IN0; — DNo; (2)

Gross mineralization : My, - SFumy, , + MN,. - SFuy,
al

+ Maa 3)

Net mineralization : My, - SFmy, , + MN,. - SEumy,, +Maa

— INH4Nyee — INH4Np, — INO; 4

2.5 Determining the contribution of different processes
to NoO flux

The N,O fluxes, from the soil labelled with NOJ NHy4
Gly and 'NO3NH, Gly, were separated into four differ-
ent processes. These were nitrification, denitrification, co-
denitrification and oxidation of organic matter. The N>O was
assumed to be derived from three uniformly distributed pools
and based on initial substrate !N enrichments; isotopic dis-
crimination was considered negligible for all four processes.
The pools and processes accounting for the N,O production
are shown in Fig. 1. The >N content of the organic matter
was considered to be at natural abundance (0.3663 atom %).
The N,O produced via co-denitrification consists of one
N atom from the NO; pool and one N atom from the organic
N pool. The chance that the N>O produced via nitrification,
denitrification or oxidation of organic N contains zero, one
or two 19N enriched atoms can be described by Eqgs. (5), (6)
and (7), respectively, where a, (the 5N fraction of the pool)
is ay, for nitrification, aq for denitrification and a, for the ox-
idation of organic N; ay, a4 and a, are explained in Fig. 1.

Chance of zero'>N atoms : (1— ax)2 5)
Chance of one' N atom : 2(1 — ay)ay (6)
Chance of two”N atoms : a)% (7)

The chance that the N> O produced via co-denitrification con-
sists of zero, one or two >N enriched atoms is described by
Egs. (8), (9) and (10), respectively.

Chance of zero">N atoms : (1 —aq)(1 —ap) (8)
Chance of one' N atom : aq (1 — ag) + ao (1 — aq) )

Chance of two'”N atoms : aqag (10)

The chance that the N, O in the gas sample contains zero, one
or two PN atoms is described by Egs. (11), (12) and (13),
respectively, where the subscripts “d”, “n” and “o0” refer to
the fractions of N»O produced by denitrification, nitrifica-
tion and oxidation of organic N, respectively. The fraction of
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N>O produced by co-denitrification is 1-d-n-o as all of the

N>O produced was assumed to come from one of the four

processes.

Chance of zero'>N atoms : n(l— an)2 +d(1 — ad)2
+o(l—ap)’ +(1—n—d—o)
(I —ag)(1 —aop) (11

Chance of one'”N atom : 2n (1 —an)ay, +2d(1 —aq)aq
+20(l —ag)ag+(1—n—d—o)

(ag(l —ao)+ao(l —aq))  (12)
Chance of two'>N atoms : na? + dag +o0a2
+ (1 —n—d—o)agay (13)

The automated continuous-flow isotope ratio mass spectrom-
eter enabled the measurement of R (*1/%7) and 0R
(461 /441), where * I is the ion currents at m/z x. The R and
46 R were corrected for the presence of 180, This, therefore,
means that R is the fraction of N,O molecules contain-
ing one >N atom divided by the fraction of N>O molecules
containing zero ISN atoms, and 40R is the fraction of N,O
molecules containing two SN atoms divided by the fraction
of N»O molecules containing zero >N atoms. The expected
fractions are described by Eq. (11)—(13), where a, was set
to 0.003663 and a, and aq were considered to be the 1SN
abundance of NHI and NO3_ , respectively, while n, d and o
were quantified using the fininsearchbnd function in MatLab
(The MathWorks Inc, Natick, MA). For this the SR, R,
an and ag of soil labelled with NO}*NH, Gly and soil la-
belled with NO;NH,4 Gly were used. The amount of N,O
produced via each process was calculated by multiplying the
average N, O flux from the jars labelled with NO}’NHy4 Gly
and "'NO;NH, Gly with the fractions of NyO produced by
the four different processes. This was carried out separately
for each plot and time step. Because of missing '>NHy data,
the different processes were not distinguished for plot 1, time
step 3. Total N,O flux contributions were calculated using
linear interpolations between time steps.

2.6 Statistical analyses

Treatment differences in total soil N were analysed with the
non-parametric Kruskal-Wallis test using IBM SPSS statis-
tics (version 22) because one sample per plot was taken,
resulting in only four measurements per treatment. The ef-
fect of treatment N, O fluxes (including different processes)
and inorganic N (NO3 —l—NHI), NO3 and NHI concentra-
tions was analysed using the MIXED procedure in SAS (Ver-
sion 9.3, SAS institute). The N,O fluxes were transformed
using log(flux + 10). The N,O fluxes via the different pro-
cesses were transformed using flux'/4. A Tukey—Kramer ad-
justment was used to correct for multiplicity effects in pair-
wise comparisons. Residual checks were made to ensure that
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Figure 3. NH4-N content (a), NO3-N content (b) and N,O emissions (c¢) at the extraction times. Time point O is the time of label addition
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the assumptions of the analysis were met. The effect of treat-
ment on modelled N transformation rates was analysed using
a one-way ANOVA based on the averages and standard devi-
ations in Matlab (Version 2013b, The MathWorks Inc.). The
pairwise comparisons were calculated with the Holm—Sidak
test in SigmaPlot (Version 11.0, Systat Software Inc.).

3 Results

3.1 Soil nitrogen pool sizes

Total soil N content did not differ between soil warming
treatments prior to the incubation study. A significant inter-
action between treatment and time affected soil NHI con-
centrations; thus, these results are therefore given separately
for each time step. No such interaction was found for NO3'
or total inorganic N (NO3 +NHI) concentrations. The to-
tal inorganic N content differed with temperature treatment
(p <0.0001) (all pairwise comparisons were also significant;
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p <0.0001). The total inorganic N content was in the order
of Tt < Teontrol < T3 < 1.

Soil NHI concentrations increased from 2ugNg™
to between 28 and 54 ug N g~ ! soil upon label addition, and
subsequently decreased over the next 5 days to ca. 9 ug N g~
soil (Fig. 3a). Soil N HI concentrations did not differ as a re-
sult of the soil warming treatments on either days O or 6.
However, on day 1, treatment 77 had a lower NH;lF concen-
tration compared to all other treatments (p < 0.029), while
the soil NHZr concentration in the 7 treatment was higher
than in the Tiongro) Or 77 treatments (p < 0.001). Three days
after label addition the NHI concentration in the 77 treat-
ment remained lower compared to the 7> and 73 treatments
(p <0.001 and 0.044, respectively).

After the initial increase in NO;  due to label addition, the
NO3 concentrations continued to slowly increase over the
following 6 days (Fig. 3b). NO;™ concentrations were signif-
icantly different among the treatments (p < 0.001), with dif-

1 soil

SOIL, 2, 601-614, 2016




608 A. B. Jansen-Willems et al.: Long-term elevation of temperature affects organic N turnover
Teontrol Ty T, T3
60 I —"*NH, NO, Gly
2 50 . —NH,*No, Gly
=00 —NH,NO, "*N-Gly
= R |
2 N )
ERE AN 0 y
g 20 1\@\: \ T
t U
0 t igh ;&ﬁ}
1 A s
9
4 P
N - K I
z [\\}\A 4 ‘\I | 7 A\
g © — 1) s [ \d G
i ' ——\‘
— ¢ /"l—\+\1l ! —e—/"] —
z [
3 b S
s a | —1 s s 0 = —s—— g s s
250
7 1 %,_i: % 1
“ —r— — I
) £ ) H
Zosok //:, @ . . o i‘/{:/
g 100 I\,/:- ¥ "
z .-’ 1
50
9
E 30
£
§ 20,
.
he
2 10 7 S—
a | m— X ——
—-————-__
= Y ~ @ ¢
NP /v
0 1 2 5 6 70 1 2 6 70 1 2 5 6 70 | 2 6 7

3 4 3 4
Time (days) Time (days)

3 4 3 4
Time (days) Time (days)
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bars are standard deviations. Time is the time in days from the moment of label addition.

ferences also occurring with respect to the initial NO3™ con-
centrations prior to label addition (p < 0.001). The highest
NOj concentrations occurred in the Ty treatment followed
by the T3 and Tcontrol, While the lowest NO;™ concentration
was observed in the T treatment.

3.2 Soil N transformations

The modelled and observed concentrations and >N enrich-
ments were in good agreement with R% > 0.97 for all runs
(Fig. 4). The gross rates of most N transformations did
not differ as a result of the previously imposed soil warm-
ing treatment (Table 1). However, the rates of recalcitrant
N mineralization were reduced under the 7, and T3 treat-
ments (p =0.040). Mineralization of amino acids also be-
came slower with increasing temperatures (p = 0.045). How-

SOIL, 2, 601-614, 2016

ever, the overall gross mineralization of organic N to NH;L|r
did not differ with the previously imposed warming treat-
ments. This was because the mineralization of labile or-
ganic N was the major contributor to total mineralization, and
this rate was not significantly affected by previous warming
(Table 2). Net mineralization did not differ as a result of the
previously imposed warming treatments. Despite the fact that
the release of stored NO;' tended to increase with warming
(p=0.096) and also that cumulative Onp, and On,,. rates
tended to be different (p =0.095), no significant effect on
net nitrification could be observed (Table 2).

3.3 N»2O fluxes

In response to N supply, NoO emissions immediately in-
creased and decreased thereafter (Fig. 3c). While treatments
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Table 2. Gross mineralization (Mingregs), net mineraliza-
tion (Minnet), gross nitrification (Nitgposs) and net nitrifica-
tion (Nitne¢) rate in ugN gsoil_1 day_l. Including the contribu-
tions from the different N pools for the gross transformations (ital-
ics), where Ni,p is a labile organic N pool, Nyec is a recalcitrant
organic N pool, NHI is the ammonium pool and Ny  is the amino
acid Gly pool. ¢ indicates one-way ANOVA tendency p < 0.1.

Teontrol T T T3
Mingross ~ 59.13  44.18  54.86  43.58
Niab 44% 54% 50% 63%
Nrec 1% 6% 1% 2 %
Naa 54 % 39 % 50 % 35 %
Minnet 678 632 229 430
NitGrosst 19.04 13.62 1624 18.17
Nrec 19% 15% 12% 16%
NHI 81 % 85 % 82 % 84 %
Nitnet 1322 1123 1130 13.06

T, and T3 had lower N;O fluxes than the control treatment
(p=0.004 and p =0.036, respectively), no interaction be-
tween incubation time and treatment was observed. The N, O
fluxes from the 75 treatment were also lower than those from
the T treatment (p = 0.016). However, observed fluxes from
the T treatment did not differ from the control treatment and
N,O fluxes from the 7, treatment did not differ from the 73
treatment.

The newly developed partitioning model was successful
to identify cumulative N,O fluxes (Fig. 5) and N,O contri-
bution at each extraction time (Fig. 6) associated with nitri-
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fication, denitrification, co-denitrification and the oxidation
of organic N between 0.11 and 5.93 days after N addition.
The oxidation of organic N was the main source of N,O at
all sampling dates, comprising between 63 and 85 % of the
total NoO flux (Fig. 5). The percentage contribution made
by organic N to N, O fluxes increased over the sampling pe-
riod, rising from a minimum of 40 % in the control treatment
to virtually 100 % across all treatments by day 6 (Fig. 6).
The fluxes from organic N oxidation were the highest in the
control treatment, followed by 77, and lowest for 7> and T3.
Significant differences were found between the control and
the 7> and T3 treatment (p =0.011 and p =0.002, respec-
tively) and between 77 and 73 (p =0.039). The amount of
N, O produced via denitrification was also the highest under
the control treatment, followed by 77 and 73. It was the low-
est under 7. Compared to the control treatment, denitrifica-
tion contributed less to N, O under the 7> and T3 treatments
(p <0.0001 and p =0.002, respectively). The contribution
of denitrification also differed between treatments 7> and 7T}
(p =0.004). Co-denitrification only contributed to the N,O
flux during the first day after substrate addition. The high-
est amount of N, O produced via co-denitrification was found
under the control treatment, followed by 77. Under 75 and T3
treatments, the contribution of co-denitrification was minor.
However, these differences were not significant. No signifi-
cant differences were found in the amount of N>O produced
via nitrification.
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4 Discussion

Prior to incubation the inorganic N, as well as the N 03_ con-
centrations, were higher in the 75 and T3 treatments as a re-
sult of the 6-year warming treatment. This suggests that a
sustained increase in temperature led to an increase in net
mineralization and net nitrification. This is in line with pre-
vious studies showing increases in net mineralization in re-
sponse to warming (Peterjohn et al., 1994; Rustad et al.,
2001; Norby and Luo, 2004; Bai et al., 2013; Bjorsne et al.,
2014; X. Z. Zhang et al., 2015). An increase in net nitrifica-
tion in response to soil warming, while less common, has also
been shown (Barnard et al., 2005; Bai et al., 2013; Bjorsne
et al., 2014; X. Z. Zhang et al., 2015). Both could be due to
infield temperatures being more favourable for optimal mi-
crobial activity. In agreement with previous research (Bai et
al., 2013; X. Z. Zhang et al., 2015), the total soil N pool did
not differ among warming treatments. This result may be due
to the fact that the relative sizes of the N pools differ: since
the total soil N pool is significantly larger than the inorganic
N pool, it may take longer to register a change (Galloway et
al., 2008; Bai et al., 2013).

During incubation all soil was kept at 20 °C, regardless
of the in-field treatment to investigate any legacy impacts of
sustained soil warming on inherent soil N cycling. It has been
suggested that changes in the microbial community structure
could alter the sensitivity of the microbial community to tem-
perature shifts (Balser et al., 2006). While both net and gross
mineralization rates did not differ as a result of the previ-
ously imposed soil warming treatments, the mineralization
of recalcitrant N and mineralization of amino acids did differ.
Lowest rates were found under T, (My,,.) and 73 (MN,,. and
Mana). A similar effect to warming was found by Jamieson
et al. (1998), who reported decreased gross N mineralization
rates in spring following winter warming of soil. Adaptation
of the microbial community, altering the sensitivity to tem-
perature shifts, could possibly provide an explanation why

SOIL, 2, 601-614, 2016

no differences in net and gross mineralization and even de-
creases in individual mineralization rates were found. How-
ever, no data were available to test this hypothesis. Another
possible explanation for the reduction in mineralization rates
could be a depletion of substrate due to the 6 years of ele-
vated temperatures.

Previous research in heathland and grassland soils showed
no significant effect of warming on amino acid mineraliza-
tion rates (Andresen et al., 2015). The lower rates in the cur-
rent study, however, could be due to a change in amino acid
oxidase activity (Vranova et al., 2013). Another possible ex-
planation for the lower amino acid mineralization rates could
be an increase in direct microbial assimilation of amino acids
(Farrell et al., 2014), since direct assimilation of glycine and
larger amino acids is well known (Barraclough, 1997; An-
dresen et al., 2009, 2011). Chen et al. (2015), however, did
not show an effect of warming on the microbial uptake of
amino acids. The fact that NHI immobilization rates were
not affected by previously imposed warming in the current
study is in line with previous research (Niboyet et al., 2011;
Bai et al., 2013; Bjorsne et al., 2014). It has been suggested
that the depletion of labile C due to warming might initiate
a decrease in immobilization rates (Bai et al., 2013). In the
current experiment a labile carbon source (Gly) was added
to the soil, which could explain why no reduction in NH;L|r
immobilization was found.

Nitrous oxide emissions were highest shortly after label
addition and declined thereafter. Thus, initial higher rates
from NHI and NO; were due to label addition. The higher
absolute rate of organic N oxidation at the start of the in-
cubation did not come solely from the Gly addition. If this
had been the case, highest N,O I5N enrichment would have
been observed at the first measurement following addition
of the NO3NHy4 15N-Gly label. However, for all treatments
the highest PN enrichment of N,O was found in the sec-
ond measurement after label addition. The lower net rates of
N> O production at the end of incubation period could pos-
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sibly have been caused by N>O consumption; however, the
consumption of pathway-specific NoO emissions cannot be
evaluated with the current model. However, as WFPS was
set to 64 %, it is unlikely that NoO consumption occurred,
as this would predominantly occur only under fully reduc-
tive conditions (but see Goldberg and Gebauer, 2009, for an
exception).

Oxidation of organic N was found to be the main source
of N7O. The production of N>O from an unlabelled or-
ganic source would most likely follow a combined process
of organic N oxidation via heterotrophic nitrifiers to nitrite,
followed by a reduction of nitrite to gaseous N products
(Butterbach-Bahl et al., 2013). This process, where oxida-
tion and reduction processes occur hand in hand, would be
conceptually similar to the nitrifier-denitrification process
(Wrage et al., 2001). Most research, however, does not take
the oxidation of organic N into account as a possible source
of N»O (J. Zhang et al., 2015) even though recent studies
showed that this process contributed 54—85 % of N,O emis-
sions in pastures (Riitting et al., 2010; Miiller et al., 2014).
These contributions are in line with the current study. Miiller
et al. (2014) also showed that the fraction of N, O contributed
via the oxidation of organic N was lowest immediately fol-
lowing NH4NO3 addition and that this fraction increased to
over 80 %, while the contribution of denitrification decreased
with time even though NO;  concentrations increased. Be-
cause of the large contribution of oxidation of organic N in
N> O emissions, this pathway should not be omitted in future
research.

A decrease in N O produced via denitrification was found
in soil previously subjected to higher-temperature treatments.
This could be due to a decrease in the rate of denitrification.
However, though complete denitrification was likely not a
dominant process in these aerobic soils, it is also possible that
under treatment 7> and 73 more of the NO;" underwent com-
plete denitrification, forming N> as opposed to N>O. This
highlights the importance of the gaseous N stoichiometries,
in particular the N> /N> O ratio. Stevens and Laughlin (2001)
reported N, / N> O ratios in a fine loamy grassland soil of 2.2
and 0.5 from control and combined slurry plus NO;' fertil-
izer treatments, respectively. However, Clough et al. (1998)
showed that ratios can vary between 6.2 and 33.2 following
I5N-labelled urine application to ryegrass (Lolium perenne)—
white clover (Trifolium repens) pasture on four different soils
(silt loam, sandy loam, peat and clay soils). Unfortunately,
due to methodological restrictions we were not able to detect
significant N, fluxes, as they were <4 gN>-Nha~! day~!
(Stevens and Laughlin, 1998).

The adaptation of microorganisms to long-term elevated-
temperature treatments might also provide an explanation for
the decrease in N>O emissions during the incubation with
soil previously subjected to increasing soil warming tem-
peratures (Avrahami and Conrad, 2003; French et al., 2009;
Pritchard, 2011). Enhanced NO3 concentrations in the 7p
and T3 treatments, at the end of the field experiment, also
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suggest an in situ reduction of denitrification and/or co-
denitrification. A possible explanation for the in situ reduc-
tion of denitrification could be the altered field soil moisture
content. While during the incubation, soil moisture was pur-
posely kept constant (WFPS of 64 %); in the field, however,
moisture conditions were affected by the heating treatment,
leading to generally drier, and thus more aerated, conditions
in the heated plots (Jansen-Willems et al., 2016). Under low
WEFPS, nitrification is predominantly responsible for N,O
efflux (Bollmann and Conrad, 1998; Bateman and Baggs,
2005). This may be a consequence of altered soil moisture or
changes in soil texture and physical soil structure. The reduc-
tion of NO3' (denitrification) takes place under more anoxic
to anaerobic conditions (Smith, 1997) because under aero-
bic conditions, denitrifiers reduce O rather that NO;™ (Arah,
1997). Any reduction in soil moisture could therefore lead to
a decrease in the in situ denitrification rate.
Co-denitrification was observed to be significant in Tiongrol
and T shortly after N addition. Rates were comparable with
those from true denitrification. Co-denitrification is a co-
metabolic process which uses inorganic and organic N com-
pounds concurrently and converts them to the same end prod-
ucts as in denitrification. Gases produced via this process are
a hybrid N-N species where one atom of N comes from NO,
and the other one from a co-metabolized compound (Spott et
al., 2011). The conditions for increased co-denitrification are
still not fully understood, but the presence of fungi along with
adequate amino acid pools appears to enhance losses via this
pathway (Laughlin and Stevens, 2002; Spott et al., 2011).
Laughlin and Stevens (2002) found that fungi dominated
denitrification and co-denitrification in grassland soils. It has
been suggested that warming could increase the relative con-
tribution of fungi to the soil microbial community (Zhang et
al., 2005; Pritchard, 2011). Most fungi lack N,O reductase,
resulting in N»O as the final denitrification product (Saggar
etal., 2013). It can therefore be expected that warming would
lead to an increase in N;O produced via denitrification and
co-denitrification. However, the opposite was found in the
current experiment although the changes in co-denitrification
were not significant. The reduced co-denitrification and total
denitrification rates seem to indicate a reduction in fungal-
mediated N processes under elevated temperatures in these
soils. Further research is required to elucidate the effect of
increased temperatures on N processes mediated by fungi.

5 Conclusion

Sustained increases in soil temperatures over 6 years (be-
tween 2 and 3°C) led to an increase in both total inor-
ganic soil N and NO5 pools. Subsequent analyses of gross
N transformations, during an incubation of these soils under
common temperature and moisture conditions to study the
legacy effect of increased temperatures, revealed that min-
eralization of amino acids (glycine) and recalcitrant organic
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N decreased with previously imposed elevated temperatures.
This decrease in mineralization was also correlated with a
decrease in NoO emissions from organic N turnover. How-
ever, elevated temperature did not cause a significant change
in relative N> O emissions from the different pathways as hy-
pothesized, but it led to an absolute decrease in NoO emis-
sion rates. A new, easy to use, source-partitioning method
was developed to determine the contribution of four differ-
ent pathways to NoO emissions. Emissions of N>O in the
first 6 days after fertilization were decreased for soils previ-
ously subjected to higher temperatures as a consequence of
a reduction in the rates of denitrification and the oxidation of
organic N. For all treatments, oxidation of organic N was the
main contributor to N>O emissions and should therefore in
future research not be omitted as a possible source of N»O.

6 Data availability

The data will be made available via the following database:
http://www.face2face.center.
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