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1 Supplementary materials:

1.1 Trend in tropospheric NoO mixing ratio

To examine the recent acceleration in the rate of increase of atmospheric N,O mixing ratio, we
used data from the two of longest running atmospheric background stations: Barrow Atmospheric
Baseline Observatory (NOAA, HATS and CCGG flask sampling data; (8)) and Cape Grim
Baseline Air Pollution Station (ALE/GAGE/AGAGE data; (/0, 101)). The Barrow data from
1977 to 1995 was made with an older GC system and had an offset of 1.87 nmol mol~!
relative to the newer data, which was corrected before calculating growth rate. The growth
rate calculated from this earlier data may be more uncertain, as indicated in Figure SS1. The
AGAGE and NOAA datasets have a small offset (/0), however this does not affect growth
rate calculation at the individual stations. The atmospheric growth rate was calculated for 10
year blocks of data throughout the measurement period using the R function 1m (98) (Figure
SS1). The growth rate has increased from around 0.75 to 0.95-1.0 nmol mol~! a=!. We used
the two-box model described in (27) to estimate the emission strength required to account for
this acceleration, and find it corresponds to an increase of around 240.4 Tg N,O-N in annual

anthropogenic emissions. This is equivalent to N,O emissions of 0.036+0.007 nmol m 2 s~*

2

for global ice-free land, or 0.24+0.1 nmol m~2 s~ for present-day agricultural land, using areas

reported in (7).
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Figure S1: N2O mixing ratio and growth rate for Barrow, Alaska and Cape Grim, Tasmania.
Growth rate is calculated for 10-year blocks centred on the plotted date; uncertainty is shown
as the shaded area. Barrow data and growth rate from before 1995 has increased uncertainty
due to the older GC system, and growth rate for this period is thus indicated with a dotted line.
Barrow data is attributed to the NOAA flask monitoring program (8) and Cape Grim data is
from the AGAGE monitoring network (10, 101, 102).

1.2 Isotopic composition to distinguish N,O production pathways
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Figure S2: a) Microbial sources of NoO, with isotopic signatures from (42, 103—108). b) Isotopic ranges
for natural terrestrial (blue) and oceanic (green) sources of N2O, compared to the preindustrial (/09) and
present-day average tropospheric isotopic composition (78).



1.3 Materials and methods: Supplementary information

1.3.1 Supplementary tables

Table S1: Summary of important dates throughout the experimental period. All times given refer to
Central European Time (CET).

Date Time Action

07.05.18 Monoliths collected at Kaserstatt Alm

14.05.18 Monoliths transported from Kaserstatt Alm to Innsbruck
HOBO data loggers (SWC/T) and chamber collars installed on

21.05.18 i
monoliths

22.05.18 LICOR flux measurements began

13.06.18 Full measurement system installed (Figure M1)

02.07.18 12:20 Fertilisation of monoliths in groups B/D, 200 kg N ha™" as
NH,NO;3

oy . . . -1

05.07.18 12:15 Fertilisation of monoliths in groups A/C, 200 kg N ha™" as
NH,NO;

11.07.18 10:00 Rain out shelter erected

11.07.18 12:30 ‘Initial’ soil sampling of all monoliths

30.08.18 11:30 Pre-rewetting’ soil and leachate sampling of monoliths in

groups B and C
03.09.18 11:45 Rewetting of monoliths in groups B and C
‘Post-rewetting’ soil and leachate sampling of monoliths in

06.09.18 10:30 aroups B and C

06.09.18 10:30 Pre-rewetting’ soil and leachate sampling of monoliths in
groups A and D

11.09.18 13:15 Rewetting of monoliths in groups A and D

13.09.18 07:30 Post-rewetting’ soil and leachate sampling of monoliths in
groups A and D

18.09.18 09:45 Removed rain-out shelter

05.11.18 Final measurements made

12.11.18 All biomass in monoliths sampled down to the soil

19-20.11.18 Destructive ‘final’ soil sampling of monoliths in layers




Table S2: Isotopic composition of calibration gas types. “Mean isotopic composition and
standard deviation over 5 months, measured using Picarro G51317 with N,O mixing ratio of
330 nmol mol !, and calibrated with Call and Cal2. ® Known isotopic composition, measured
by Empa/TiTech (J. Mohn, 2018, personal communication.

Abbreviation §°NPYK (%o)  SP (%0)

AmbFS ¢ 53+1.6  17.0£4.5

Amblso @ 77£10  19.7+4.1
Comp * 48+17  14.316.1

MRDep 0.9+2.8 1.9+8.6
Call®  -4735:0.18 -2.48+0.50
Cal2® 6.85+0.06  20.54+0.24

1.3.2 Supplementary figures
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Figure S3: A typical measurement sequence including calibration and mixing ratio dependence
measurements, as well as blocks of 6 chamber measurements. Isotope data in this figure is
corrected for mixing ratio dependence but not calibrated.



1.3.3 Testing CPM using a simulated N,O timeseries

CPM was tested with a simulation of N2O fluxes and isotopic composition at 3-hour intervals
across the measurement period. At each 3-hour timestep (Z;), the fraction of N, O from denitrification

was simulated according to:
fous = fou . +0.1x7r  where0 < fp <1 (7)

where 7 is a normally distributed random number with 4 =0 and 0 = 1, and fx;, = 1 — fp .
The fraction of N,O reduced (fr,,) at each time step was determined the same way. The

2 571, reduced by consumption according to fr,,. 10% hourly

N5O flux was set at 1 nmol m™
variability is much higher than that observed for N,O fluxes, which vary by 0.5-2% on average
between each measurement for the different monoliths - thus this level of variability in simulated
pathways will give a robust test of CPM.

The isotopic composition of the directly emitted NoO was found from Eq. 5 (Methods)
using end members of -10 and 30%o and -5 and 0%o for SP and §'°N for denitrification and
nitrification respectively. The absolute values of the §'°N endmembers depend on substrate
isotopic composition, thus these are approximations based on measurements showing §'°N
fractionation favours the light isotope more strongly during denitrification than nitrification
(86). The measured SP and §'°N of N,O following reduction were calculated with Eq. 6
(Methods).

N,O production and consumption pathways for the simulated data were calculated using
CPM, and compared to the input (ie. true) production pathways, shown in red in Figure SS4.
To investigate the sensitivity of results to the chosen isotopic parameters, the base isotope
fractionation factors as well as tests with SPp = 0%o, SPx = 35%o0, agp = -7.0%0 and ov15n—bulk

= -9.3%0 were used to produce the simulated data - these values represent the observed ranges

(SPp, SPy, (86)) or the best estimates for isotopic fractionation +1 standard deviation (/8). The
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Figure S4: Comparison of input fractions of denitrification, nitrification and reduction (shown in
red in the left panels and on the x-axis in the right panels) to fractions calculated using CPM with
simulated isotopic data. The ‘base’ simulation uses best estimates for isotopic fractionation.
The four additional simulations use varying input values for the different isotopic parameters.
base values were always used to calculate the pathways from the simulated data with CPM, thus
this approximates the sensitivity of the approach to inaccurate fractionation factors.

CPM performed very well to distinguish between different production pathways, with an
RMSE of 0.1, 0.1 and 0.27 for denitrification, nitrification and N>O reduction respectively
(Figure SS4). There was no mean difference between input and calculated partitioning for

denitrification and nitrification. When reduction was high and strongly varying within the 12-

hour window, there was often no correlation detected by CPM and thus reduction was calculated



to be O - therefore reduction is underestimated by 10% overall. In reality, reduction is not often
expected to be both high (>80%) and strongly variable within a short 12-hour window. When
the input isotopic fractionation factors were varied, the model still performed strongly, as it
was robust to these changes: RMSE for denitrification and nitrification was worst (0.2) when
a15N—bulk = -9.3%0. RMSE is <0.28 for reduction for all tested isotope values shown in Figure
SS4 - differences are only seen when reduction is >80%.

Given the satisfactory performance of CPM with simulated data, this method was adopted to
partition N,O production and consumption pathways for the measurement data presented in this
paper. Over the entire measurement period, SP,,,.., Was less than SPp (100% denitrification)
57% of the time. SPx < SP,,..an. < SPp but there was no evidence of reduction 31% of the time.
There was evidence of reduction 12% of the time. The low overall level of reduction and low
variability of N,O fluxes on a 12-hour timescale is ideal for the CPM approach - more highly
variable data with higher levels of reduction would require higher measurement frequency and

thus smaller time windows to apply the CPM approach.

1.4 Extended results

1.4.1 Instrument performance

The chamber-spectrometer set up (Section 1.2, Methods) ran from June 15 to November 5
with few interruptions; gaps of more than 24 hours in isotope data are present only from 6-10
September and 5-17 October due to the instrument computer crashing. The measured isotope
data was significantly dependent on mixing ratio throughout the experiment (Figure SS5a). The
dependence on mixing ratio changed over time, showing the importance of regular calibration
with gases at varying mixing ratios. This may introduce extra uncertainty into the results from
before July 31, when the full calibration set up was installed. No other dependencies on mixing

ratios or laser parameters were observable within the ranges seen in the normal running chamber



set up.

Following correction for mixing ratio dependence and drift (Section 1.2.3, Methods), the
final data for each calibration gas type showed a standard deviation of 1-3, 4-9 and 30-45%o
for §'°N, SP and §'%0 respectively (Table SS2), which compares very well to previous studies
(40, 110). An example of the data quality over 5 months is shown in Figure SS5b as histograms
of all measurements of AmbFS. The instrumental set up showed very good performance for
§'°N and satisfactory performance for SP, however for 6'*0 the data quality was extremely
poor and the data could not be used. No specific relationship could be found between §'%0 and
any other parameter measured in the system, pointing towards an unknown interference causing
the noisy data.

The most critical point regarding instrumental performance is the final uncertainty in calculated
source isotopic composition for NoO emission (or consumption), as measured using chambers.
The resultant error in source isotopic composition relative to NoO flux is shown in Figure SS5¢.
The results are similar for §'°N and SP, with uncertainty in source isotopic composition steeply
decreasing as fluxes increase to around 1 nmol m~2 s—1 and then reaching a plateau. To apply
this method for lower fluxes, for example in winter or at extensively managed or unfertilised
sites, it would be necessary to either increase chamber closure times to longer than 15 minutes or
improve the chamber surface area-to-volume ratio, or alternatively perform preconcentration of
N,O from the chamber before measuring isotopic composition (40). Instrumental improvements
allowing the Picarro 51317 to operate in recirculation mode and thus removing the need for the
small (30 sccm) dilution with ambient air will also facilitate isotopic measurements for low flux

sites.
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Figure S5: A summary of the isotope data quality over the 5-month measurement period. From
left to right the panels show J'°N, SP and 6'®O respectively. The top row of the figure (a)
shows the calculated mixing ratio dependence for each 1-5 day block; all points are significant
at p < 0.05. The middle row (b) shows histograms of all AmbFS measurements. The bottom
row (c) shows the relationship between N,O flux magnitude and error in calculated source
isotopic composition using a Keeling plot approach on measured chamber data for a 15 minute
closure time.



1.4.2 Strength of the drought treatment

For this study, drought is defined as a complete absence of precipitation, which subsequently
leads to stress and thus reduced biomass growth (77) (Figure SS6). The average precipitation for
July and August from 1858-2018 is 242462 mm, and the average precipitation amounts for the
exact drought periods (11.07.2018 to 03.09.18 (D1) or 11.09.2018 (D2)) are 253480 mm and
275478 mm respectively for 2015-2018 (Figure SS6). The maximum timespan with <1 mm of
precipitation per day in summer (June-September) for 2015-2018 is 16 days in 2018, compared
to around 8 weeks in this study. The drought applied in this study is therefore clearly extreme -
around four standard deviations below the mean precipitation and around four times longer than
the longest recent summer drought. This data is for Innsbruck University weather station, which
is the longest running precipitation dataset close to the measurement site. Longterm monthly
data is from the ZAMG HISTALP project (Historical Instrumental Climatological Surface Time
Series Of The Greater Alpine Region; http://www.zamg.ac.at/histalp/); 10-minute data from
2015-2018 is from the TAWES (Teilautomatische Wetterstation) station operated jointly by the
ZAMG and the University of Innsbruck.

WEPS steadily decreased throughout the drought treatment until the rewetting on day 54 and
62 for D1 and D2 respectively (Figure SS8). The measured permanent wilting point (pF = 4.2;
see Methods, Section 4.3) for these soils is around 19+6% WFPS, which was reached between
day 19 and 50 for each of the seven D monoliths (mean = day 36). This was clearly reflected
in plant growth (dry mass), which was significantly reduced for drought monoliths compared
to control from the third week of the drought (p < 0.05; Figure SS6). The final assessment of
biomass composition showed that D monoliths had significantly less dry forb biomass than C
and W monoliths but the same dry grass biomass, for both dead and live grasses and forbs. In
particular, D monoliths had no forbs from the genus Geum, while Geum sp. made up 12% and

15% of C and W forb biomass respectively.
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Figure S6: Strength of the drought treatment: a) Mean precipitation for July and
August from 1858 to 2018 from the weather station at Innsbruck University, 18 km
from the Kaserstatt Alm, using monthly data is from the ZAMG HISTALP project
(Historical Instrumental Climatological Surface Time Series Of The Greater Alpine Region;
http://www.zamg.ac.at/histalp/). The precipitation corresponding to the exact drought time
periods for 2015-18 are shown with the open circle indicating D1 and the filled circle for D2 for
each year, calculated using 10-minute data from the TAWES (Teilautomatische Wetterstation)
station operated jointly by the ZAMG and the University of Innsbruck. b) Effect of drought
treatment on biomass production. Shown in purple, blue and dark/light green is the mean
value for C, W and D1/D2 monoliths; the shaded area shows the 1o standard deviation. The R
monolith is shown in yellow. The upper panel shows absolute growth (mg dry mass per day) and
the lower panel shows growth relative to the control group. Times for fertilisation (F), drought
start (D) and rewetting (R1/R2) are indicated.



1.4.3 NanoSIMS measurements

NanoSIMS measurements revealed significant differences in soil microaggregate (pm-range
soil grains, (96)) chemical composition throughout the experiment (Table SS3 and Figure 3).
Average grain size increased throughout the experiment for the control treatment; however this
effect was not seen for the drought treatment, which had smaller average grain size than controls
at peak drought. This may reflect organic matter production binding grains, which was slowed
by the drought (47). No significant differences in ion count rates or ratios were seen between
control grains at any point in time, nor between control and drought treatments at initial and
post-rewetting timesteps (Table SS3).

Count rates reflect not only elemental concentration, but also chemistry and topography
of the sample - thus, they can indicate changes in particles although caution should be taken
extrapolating count rate differences directly to elemental differences. Ratios provide a more

robust comparison between samples. Count rates for the drought treatment at peak drought were

significantly higher than the control for 12C~, 12C;, 2C*N~ and 32S~ as well as ratios 121%1(;@7
14N\16 )~
and 11\(10? 2. These count rates and ratios were also all significantly higher for the drought

treatment at peak drought compared to initial and/or rewetting time periods. These consistent
trends indicates an actual difference in composition at peak drought, despite the difficulties
in interpreting count rates. Most of these ions and ratios can be taken as representative of
the distribution of soil organic matter and nitrogen-bearing organic matter (N-SOM) (47, 48).
Sulfur-containing material clearly showed the same drought-dependent reversible enrichment,
which may indicate the source of the changes is microbial death, subsequently releasing organic
components including S- and N-containing amino acids and other biomolecules (56). Some
differences were also evident for the **N'®O; ion. However, nitrite is extremely soluble and
may have been affected by the sample preparation; it is also unstable in the high vacuum

conditions of the NanoSIMS, therefore these changes cannot be accurately interpreted (48).



In summary, the observed changes in secondary ion count rates and ratios reflect a reversible
enrichment in S- and N-SOM, without a consequent enrichment in oxygen at the surface of soil
grains subjected to drought (Figure 3). This was not evident in the measurements of bulk soil C
and N (data not shown), which show no differences between treatment or time period through

the experiment.
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1.4.4 Watering of the control and wet monoliths

N,O fluxes and isotopic composition were monitored for at least 24 hours after regular watering
of the non-drought monoliths, which occured 55 and 57 times for control and wet treatments
respectively. Each watering event increased the WFPS by 1.9 and 1.7% for control (C) and
wet (W) respectively (Figure SS7), with peak WFPS occurring approximately 12 hours after
watering and decreasing thereafter. Two days after watering WFPS had returned to the initial
level. CPM could only be applied to the mean for all monoliths as data quantity was insufficient
for individual watering events. Average N,O fluxes peaked due to denitrification 1-2 days
after watering for C monoliths, and showed a minor peak 0.5-1 days after watering for W
monoliths (Figure SS7). The only significant change in pathways linked directly to watering
was an increase in denitrification for C monoliths immediately after watering.

When each watering event was considered individually, the WFPS before watering and
the WFPS change with watering showed a significant negative correlation (p < 0.05, data
not shown) - at higher WFPS, monoliths were able to take up less water, so WFPS increased
less with watering - thus WFPS increased less for average watering of W monoliths. 54% of
variability in N,O changes could be explained by the WFPS before watering: When WFPS was
higher, the increase in N,O flux with watering was larger (p < 0.01). There was a great deal
of variability in the response of NoO emissions to watering, with fluxes 12 hours before and
after watering changing by -1.2 to +2.5 nmol m~2 s~! for C and -0.2 to 6.9 nmol m~2 s~! for
W monoliths. The differences between baseline emissions, outside of watering peaks, between
C and W monoliths was much larger than changes induced immediately after watering, and are

discussed in the main article.
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Figure S7: Effect of watering on N,O emissions from control and wet monoliths. The top two
panels show WFPS and N,O flux with the standard error shown as the shaded area (n = 4 for
C/W). The bottom panels show N,O flux via different pathways as a time series on the left and
as a mean for different time periods on the right.



1.4.5 Additional figures and tables
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Figure S8: Soil temperature (upper panel) and water-filled pore space (lower panel) for the 16
monoliths for the entire experimental period. The surface air temperature is shown in black for
comparison.
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shown in the legend. Line types show the first and second fertilisation events, the mean, and the
control as indicated. The mean for the four days before fertilisation is shown at the beginning
of each time series as a baseline. At the right hand side, box plots compare the pathways over a
longer time period - this only uses data from non-drought plots, as the drought treatment began
10 days after the first fertilisation. Letters below the box plots indicate significant differences
between treatments at each time step.
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Figure S10: Isotopic composition and concentration of soil nitrate and ammonium before the
beginning of a drought (‘pre-drought’, several days after fertilisation), at ‘peak drought’, and 2-
3 days after rewetting (‘post-drought’). The treatments are shown in purple, blue and green
for C, W and D (D1 and D2) respectively (n = 4,4,7 respectively), with combined data
for all monoliths shown in red (n = 15). Letters below the box plots indicate significant
differences between treatments at each time step, while asterisks where present indicate
significant differences between time steps for a particular treatment. Grey boxes indicated the
mean isotopic composition of leached NO; or NHj for a particular time period.



oo FER - F---EEA| S L RS
s
«-l--Fc « - S s 8 w
N EEN o k- re & =
[ ] FS % Fo & |o o
0 0 - s oo P o oo S L E
©
0 S o @ fs|oo F@m- fS 93
.- o FEEm o | EREEN LR
Fo-- Y [o « o F- . S s N
- L
F-EEle CS|e---- B[S |Fo--- - - (S, £ =¥ =0
1] 5 = Il 2
N 0 R N - S &3 ool
1 - - I S F- I S5 ge2Z 2=
S |- - S|+ - - - FS 52 2=
40U =0<
T T T T T T T T T T T T T T T T
£0+30C £0+30°L 00+300 60135 60+3¢ 60+31 60+31 80+29 80+3¢
(VoY) yown (uonnpai “ON) yiu (uonanpai 0°N) zsou
e T Fo--Elf S 0 v-EEE-As Fo--- .S
s
FElbES - ko e R R R S
LIS < Wl s - -4 s F-- .S <
B o k- Fo bl ] o «-B | s
0 F- S| | ---- - (| 0 0 S
i Sl o R CIETEEEEE I L L Rl ]
= I S [ - S PR PSS
Fo-- - || - - I o | - - - ro T
F---I-} s 0 0r----- Fo | F--- N - - Fo|oF------ -4 FS
o mits o vEE--4 0t N F Fo o 2 TERARS
- s i Fs - - I - Fo|F- - - - | ©
| - o |- - Fo | - - - -
T T T T T T T T T T T T T T T T T T T T
80+30C  80+30'L 00+30'0 80+3¢ 80+3T 80+dL £0+30T £L0+30°L LL+3/ L1+3g LL+3¢ LL+3l
(g0v) yown (uonexy uaboniu) Hyu  (UONINPaI ‘ON) SHU  (SSRWIOIG 19Bq) YNY-S9L

a)

(3y619m £ap J10s | 6 sa1dod) aduepunge ausn

drought  drought

drought



— s o
= 8- =
Q
< 6
- < =
£ o 4 o o
g E T 1
o S 24 i .
S —-—— -
© 0 -Ll [ ..
a aaa a aaa a
° T T
L _ 1 1
- 5 257 [
q) _— 1 1
-2 ‘E}‘ 20_ 1 1
— X - 1 1
s & Lo = =
E C 15— 1
o o
S 9O 10 mem— - M
= =
= 505— !'r'l'
§ i, |
2 € 00 t—TT ——T— T
r aaa a aaa a
s T T
= — - -
S T 207
8 g Lo
- kv] o
g‘ S 157 - ! T <
3 3 -
a o ——— -
2 ~ 10 S
v O - '
~ =z ! .
[ VOS_ 4
g e° e L |
c < LT
2 T T T
E] aaa a aaa a
2 v P
s 5 X
¥ £ 4 I
c .
o Q h
u Ke] 1
+— 3 ]
1%
8 o o
2 2
s . i
< 1 enemes - - . .
1 T 4
% - + .! 4
— 0 L T L T LI T
aabb a ab c abc
Pre- Peak Post-
drought drought drought

amoA (AOA)

nirk (NO, reduction)

nosZ (N,O reduction)

0

o 4+l
0o 4{-IN- -+

Q
oo
-

Q 4

3.0 T
1
25
20
T
1.5 -
10 - === - ,.
4
1
4
T
b
B

05 - -

o { - I - | o - - E-
o+l --
o | — - - -

EREN [

of o o v -—- - - 4

-

Je—-
]

0 T T

-

'

T
'

!.I.l

aaa a aaa a
Pre- Peak Post-
drought drought drought

Legend:
Control (n=4)
Wet (n=4)
Drought (n=7)
All (n=15)

Figure S11: Microbial gene abundances measured for monolith soils with qPCR before the
drought (‘pre-drought’, several days after fertilisation), at ‘peak drought’, and 2-3 days after
rewetting (‘post-drought’): Absolute values are shown in part a), whereas part b) shows results
normalised to pre-drought. Letters below the box plots indicate significant differences between
treatments at each time step, while asterisks where present indicate significant differences
between time steps for a particular treatment.
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Figure S12: WFPS, temperature, CH; and CO, and N,O fluxes following rewetting of the
drought monoliths. CO data is only ecosystem respiration (ER) - measurements with clear
chambers are not included. C (control, n=4), D (drought, N=4/3) treatments are shown for the
two rewetting events on 03.09 and 11.09.18 (shown as solid and dotted lines respectively.
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