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Zwischenfrichte als Quelle oder Senke bodenburtiger Treibhausgas Emissionen?

Kurzfassung

Der Zwischenfruchtbau ist eine zentrale Mallnahme im &sterreichischen Agrarumweltpro-
gramm OPUL mit Relevanz fiir die Klimawandelanpassung der Landwirtschaft. Dieses Pro-
jekt untersuchte den Einfluss von Zwischenfriichten auf Treibhausgas-Emissionen von land-
wirtschaftlich genutzten Boden an zwei klimatisch unterschiedlichen Orten (Niederdsterreich,
Oberosterreich). Dabei wurden vier Zwischenfruchtvarianten mit Schwarzbrache verglichen.
Darlber hinaus wurde der Einfluss organischer Diingung und des Vor-Winter-Umbruchs der
Begrinung analysiert.

Es konnte gezeigt werden, dass Begriinungen im Vergleich zu Dingung und Bodenbearbei-
tung in der Hauptfrucht nur ein geringes Potential von N,O Emissionen aufweisen. Ein An-
stieg wurde nur bei Senf in Reinsaat, vor allem unter Bedingungen hoher Lachgasbildung
festgestellt. Auch die CO, Emissionen zwischen Spatherbst und Frihjahr waren durch die
niedrigen Bodentemperaturen gering. CH, Emissionen waren vernachlassigbar. Héhere CO,
Emissionen der begrinten Flachen weisen auf die Férderung des Bodenlebens durch die
leicht abbaubare Grindungung hin. Wahrend Zwischenfriichte also dem Boden organisches
Material zufihren, sind CO, Emissionen einer Brachflache als Nettoverluste anzusehen.
Wichtige Umweltfaktoren flr die Treibhausgas-Bildung waren ein hoher Wassergehalt des
Bodens (Anstieg von N,O), ein hoher Gehalt and wasserléslichem Kohlenstoff (Anstieg von
CO, und N20O) und ein hoher N Gehalt der Pflanzenbiomasse (Anstieg von CO, und N,O).

Die Ergebnisse zeigen, dass Zwischenfriichte kein wesentliches Potential flr erhéhte Treib-
hausgas-Emissionen von Ackerflachen aufweisen. Daher ist ihre Bedeutung fur die Umwelt
und die Klimawandelanpassung (Erosion, Grundwasser) klar dominant. Kiinftige Agrarum-
weltprogramme sollten Mischkulturen férdern und Reinsaaten von Senf vermeiden. Brassica-
Arten sind effiziente Zwischenfriichte und fiihren, sofern sie in Mischung mit geringerer Saat-
starke angebaut werden, auch zu keinen erhdhten Lachgasemissionen.

Abstract

Cover cropping is a key measure in the Austrian agro-environmental programme with rele-
vance for climate change adaptation and mitigation. This study analyzed the effect of cover
crops on greenhouse gas emissions from soil at two climatically different sites (Lower Aus-
tria, Upper Austria). Four different cover crop variants were compared with bare soil and also
studied the influence of organic fertilizer addition and pre-winter ploughing of cover crops.

It could be shown that cover cropping is only a minor source of N,O emissions compared to
other measures (fertilization, tillage). An increase in N,O emissions from a mustard cover
crop in pure stand was found, particularly for situations with high emission potential. Also
CO, emissions were generally low between late autumn to early spring due to low soil tem-
peratures. CH, emissions were neglible. Higher CO, from cover cropped fields reflected the
enhanced biological activity of soil due to the input of easily decomposable organic carbon.
While cover crops contribute organic matter to the soil, CO, emissions from a bare soil have
to be considered as net losses. Important environmental drivers of greenhouse gas emis-
sions were high soil water content (increase in N,O), dissolved organic carbon (increase in
N>O and CO,) and plant N content (increase in NoO and CO,).

From these results it can be concluded that cover cropping is only of minor importance for
greenhouse gas emissions from agricultural soils. The importance of cover crops for envi-
ronment and climate change adaptation (erosion, groundwater) is clearly dominant. Future
agro-environmental programmes should promote mixed cultures, while avoiding mustard in
pure stand. Brassica species are efficient cover crops and when grown in mixture at a lower
seeding density do not have an enhanced N,O emission potential.
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A-1 Introduction

A-1.1 State of science

Cover cropping is a key agro-environmental measure in several European countries.
The main target is to reduce negative environmental impacts related to intensive agricul-
tural production, particularly nitrate leaching to the groundwater and soil erosion. Due to
the efficiency of cover cropping to achieve these environmental targets, that has been
demonstrated in several research studies (e.g. e.g. Wyland et al., 1996; Dabney, 1998;
Meyer et al., 1999; Shepherd and Webb, 1999; Hartwig and Ammon, 2002; Logsodon et
al., 2002; van Dam, 2006) and evaluations of past agro-environmental programmes (e.g.
Liebhard und Bodner, 2005; Feichtinger et al., 2005; Strauss, 2006), and the rather sim-
ple integration of cover crops into common crop rotations, it has become a central as-
pect in several European agro-environmental programs such as the Austrian OPUL pro-
gramme (BMLFUW, 2000). Since the first OPUL programme has been started in 1995,
cover cropping has become a wide spread element in crop rotation in Austrian agricul-
ture with a total amount of 33 % of the agricultural land with yearly use of cover crops
(Gruner Bericht, 2011).

A-1.1.1 Cover crops and climate change adaptation

Cover crops are considered an important measure for climate change adaptation and
therefore they have been integrated in the Austrian climate change adaptation strategy
(BMLFUW, 2010).

Easterling et al. (2000) showed that climate change will lead to an increased frequency
of extreme weather events such as high intensity rainfall and prolonged dry periods. Soil
erosion is one of the most severe soil problems in Europe and it is commonly agreed
that more frequent weather extremes under climate change will increase rainfall erosivity
and soil losses (Klik and Eitzinger, 2010). Strauss (2006) estimated that around 25 % of
the Austrian crop land is currently endangered by soil erosion. Thus climate change re-
quires extension of all measures preventing erosion. Cover crops primarily protect
against soil erosion due to continuous soil coverage after cash crop harvest, avoiding
prolonged periods of bare soil. Particularly in late summer there is a high probability of
thunderstorms with erosive rainfall and high risk of runoff and erosion losses from bare
soil. Also in spring, snow melting and subsequently high rainfall has led to high runoff
and erosion damage, particularly in row crops with late soil coverage (maize, sugar beet,
oil pumpkin). Quinton et al. (1997) showed that erosion decreases exponentially with
increasing soil coverage. A coverage of 50 % leads to a reduction of erosion by around
80 %, while coverage of > 70 % results no or negligible erosion losses (Gonzales-
Lanteri et al., 2004).

Beside soil coverage, cover cropping contributes to reduced erosion risk via higher ag-
gregate stability. This is related to organic matter input, enhanced soil microbial activity
and root entanglement of primary particles. Kabir and Koide (2002) and Liu et al. (2005)
showed higher aggregate stability and mean weight diameter of soil aggregates under
cover crops. Better soil structure also implies a higher macroporosity and also higher
stability of soil pores. Particularly enhanced formation of biopores from earthworms and
root channels have been described in cover cropped field compared to fallow. The in-
crease in soil infiltrability by higher macroporosity lowers runoff losses (Joyce et al.,
2002) and eventually also contributes to mitigate the risk of flooding.

Olsen and Bindi (2002) and Hungate et al. (2003) studied the changes in nitrogen dy-
namics to be expected under global change. Increasing temperatures will result in high-
er organic matter turnover and thereby higher leaching risk of nitrate losses if the availa-
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ble N is not readily taken up by plants. The enhanced organic matter turnover can be
further exacerbated by higher residual fertilizer N after cash crops when crop production
is more frequently limited by drought. Already by now, semi-arid regions such as the
Marchfeld area show high risk of nitrate leaching and low groundwater quality because
of a residual high fertilizer N-pool in soil (e.g. Cepuder, 1999): Nitrate is accumulated
during dry years in soils with high water storage capacity, leading to a concentrated soil
solution when leached to groundwater in years with groundwater recharge. Beside a
reduction in fertilizer input to the main crops, cover cropping is the only measure to
avoid leaching of post-harvest nitrate stocks in the soil .

Recently stabilization and increase of stable organic carbon in soil is discussed as a
contribution of agriculture to climate change mitigation. Dersch and Duboc (2011) re-
ported an increase in humus content of Austrian agricultural soil between 0.1 % and 0.4
%. Among other factors (reduced tillage, prohibition of straw burning) the authors con-
sidered the increased organic matter input from cover crops as a main factor underlying
this trend. Although cover crop residues are readily mineralized, root derived organic
carbon is considered an essential input to the stable fraction with lower turnover times.
Cover crop induced stabilization of soil aggregates could enhance physical stabilization
of carbon, while deep root growth can increase carbon storage in sub-soils with lower
saturation of mineral surfaces with organic matter. These two aspects of carbon cycling
are considered essential for C-stabilization and sequestration in soils (Schmidt et al.,
2011).

A-1.1.2 Cover crops and greenhouse gas emissions

Estimates by IPCC (2007) and Smith et al. (2008) attribute around 10-12 % of global
greenhouse gas emissions to agriculture, with a dominant role of N,O (60-84 %) and
CH4 (50 %). For Austria Amon et al. (2006) estimate a contribution of agriculture to total
greenhouse gas emissions of 8 %, with 36 % from agricultural soil use. Again agriculture
is a dominant source for N,O (61 %) and CH4 (51 %) emissions. Soil borne N,O emis-
sions are mainly related to N-fertilization, with estimates of about 1.25 % + 1 % of total
fertilizer N lost via N>O emission (Moisier et al., 1998). Thus N uptake from soil by cover
crops could be assumed to reduce the potential losses and thereby contribute to climate
change mitigation from agriculture.

Most studies on cover crop effects on greenhouse gas emission were conducted in the
US. Introduction of a winter legume cover crop (hairy vetch) increased both CO, as well
as N,O emissions, with a peak of emissions at the onset of the rainy season (Kallenbach
et al., 2010). For a non-legume cover crop McSwiney et al. (2010) suggested a de-
crease on N,O emissions because of lower excessive N in soil not extracted readily by
plant. Liebig et al (2010) compared greenhouse gas emissions from spring wheat after a
rye cover crop and fallow. Cumulative fluxes of CO,, CH,4, and N,O did not differ be-
tween the bare soil and green-manure treatment. Bavin et al: (2009) found an enhanced
CO, release due to additional fresh organic matter input by a rye cover crop while they
did not find significant differences in N,O emissions between cropping systems with and
without a cover crop. N fertilization and fertilizer type were the dominant factors control-
ling NoO fluxes. Also Jarecki et al. (2009) observed no significant effect of a cover crop
on cumulative N,O emissions in the field. Also in their study the primary factor influenc-
ing N.O emission was N application rate, regardless of form or timing. Steenwerth and
Belina (2008) studied the influence of cover crops (rye, triticale) in a vignyard. Mean
daily N,O efflux was greater in cover crops, but annual N,O efflux was low as compared
to the influence of fertilization. Potential nitrification, N mineralization and denitrification
were generally 2-4-fold greater in the cover crop treatments. Among environmental vari-
ables, N dynamics was more sensitive to changes in soil water content than tempera-
ture. The authors concluded that potential impacts of greater N,O emissions from cover
cropped soils have to be evaluated with reference to other benefits of cover cropping,
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such as increased soil organic matter content, improved microbiological activity, and N
availability. Parkin et al. (2006) evaluated the effect of a rye cover crop on the N balance
after pig slurry application and showed that the rye cover crop lowered cumulative N,O
emission in case of high manure application. Rosecrance et al. (2000) compared the N-
balance including denitrification for rye, rye-vetch, vetch cover crops with fallow. They
showed greater potential N losses from vetch than rye or rye-vetch mixtures due to rapid
N-mineralization in conjunction with denitrification and potential leaching, prior to signifi-
cant N-assimilation by the subsequent main crop. Aulakh et al. (1991) measured N,O
losses from hairy vetch under different water contents in a laboratory study. Denitrifica-
tion losses were 20-200 pg N kg™ from each soil when 60 % of the soil pore space was
filled with water and increased from 14.0 to 18.6 mg N kg™ at 90 % water-filled-pore
space. The major denitrification losses occurred during the first 10 days in residue-
amended soils. The supply of C from incorporated legume crop residue was a major
factor influencing denitrification especially when soil wetness restricted aeration and
adequate nitrate was present.

Under subtropical conditions in Brazil, Gomes et al. (2009) measured N,O emissions in
a no-tillage maize system including a grass (Avena strigosa) and different legume cover
crops. They found that the system with legume cover crops had largest cumulative
emissions, which were directly related to the quantity of N and inversely related to the
lignin:N ratio of the cover crop residues. The annual soil N;O emission represented
0.39-0.75% of the total N added by the legume cover crops.

A literature review showed that there are only very few studies under climatic conditions
with frost killed cover crops before winter, soil freezing over winter and high soil satura-
tion in spring after snow melting. A study conducted in Denmark by Petersen et al.
(2011) reported slightly higher N,O emissions from a cover cropped soil (oilseed radish)
after freezing events. Still emissions during autumn, winter and early spring were gener-
ally low. A peak in emissions occurred in in spring after tillage and organic fertilizer ap-
plication. Reduced tillage lowered emissions, while there was a positive interaction of
conventional tillage and cover cropping. Pattey et al. (2008) investigated N,O emissions
in a pea-cover crop sequence in Canada with particular regard to spring thawing. Total
emissions over the one year measurement period were 5.6 kg N,O-N ha™ with a peak at
cattle manure application. Thawing induced emissions were 15 % of the total annual
emissions. Emissions during the cover cropping period were mostly influenced by sus-
tained effects of manure application before cover crop seeding. Also Wagner-Riddle and
Thurtell (1998) studied the effect of thawing on N,O emissions in a Canadian field exper-
iment with different management practices. Nitrous oxide emissions between January
and April over four years ranged between 0 and 4.8 kg N ha™. The study indicated that
fallowing, manure application and alfalfa incorporation in fall lead to high spring emis-
sions, while the presence of perennial plants (as in their case alfalfa or grass) resulted in
negligible emissions during thaw.

Velthof et al. (2002) compared N,O emissions from different crop residues and influence
of NO3 addition in two soils in an incubation study. For a sandy soil, emissions from res-
idues of wheat, maize and barley were legible, while total NoO emission from white cab-
bage, Brussels sprouts, mustard, sugar beet residues and broccoli ranged from 0.13 to
14.6 % of the amount of N added as residue and were higher with additional NO3 than
without additional NOj3. In the clay soil similar ranking of emissions was observed, but
the magnitude of the N,O emission was much smaller than that in the sandy soil: less
than 1 % of the residue N evolved as N,O. The C-to-N ratio of the residue accounted for
only 22-34 % and the mineralizable N content of the residue for 18-74 % of the variance
in N,O emission.

Among studies on cover cropping and greenhouse gas emissions published so far, only
few were done under comparable climatic conditions to temperate Central Europe. A
further shortcoming of most studies is that they did not include different cover crop spe-
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cies or species mixtures. Often cover crops were only part of a system assessment such
as reduced tillage and therefore not considered with a higher number of treatments. The
laboratory results of Velthof et al. (2002) with different residue types as well as some
field studies comparing legumes and non-legume cover crops suggest that there might
be substantial differences among species. The work of Velthof et al. (2002) as well as
the study of Petersen et al. (2011) indicates a potential increase in N,O emissions from
brassica cover crops.

Therefore it can be conclude from a literature survey that there is still a need for field
studies on greenhouse gas emission from different cover crop treatments in temperate
environments; particularly during moments that are considered as hot moments with
high emission potential (spring thawing, high water content, short after cover crop incor-
poration).

A-1.2 Study objectives

A re-design of the Austrian agro-environmental programme is currently in preparation in
order to adapt to the new requirements and targets of the European agricultural policy
and taking into account the evaluation of past agro-environmental programmes.

It is to be expected that future EU agro-environmental funding schemes will request a
more explicit consideration of climate change adaptation and mitigation in agriculture.
Thus a new regulation of cover cropping must consider impacts specifically related to
climate change adaptation and mitigation, beyond the well known benefits for groundwa-
ter protection and soil erosion.

In this context an evaluation study of the Austrian OPUL programme (Hartl et al., 2010)
reported high gaseous N losses from cover crop residues up to 38 % of total N stored in
the cover crop biomass. Highest losses were found for mustard, being the most wide
spread cover crop species in Austria.

The present study therefore aims to provide data on field soil emission of greenhouse
gases from different cover crop treatments compared to bare soil using a standard
measurement methodology (“closed chamber method”).

The main objectives are:

(1) To provide an estimate of cover crop related greenhouse gas emission potential
in relation to other management effect (tillage, fertilization).

(2) To analyse the different emission potential for commonly used cover crops and
cover crop mixtures in Austria with particular regard to the emission potential of
mustard.

(3) To evaluate key environmental drivers for greenhouse gas emissions and their
relation to cover cropping.

The main hypothesis is that cover crops increase soil CO, emissions due to an en-
hanced input of organic residues, while they reduce N,O emissions compared to fallow
because of reduced nitrate content in the surface soil. This hypothesis is tested within a
field experiment at two sites in different climatic regions of Austria.
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A-2 Material and methods

A-2.1 Field experiments

Field experiments were established at two sites with different climatic and pedological
conditions. A first experiment was located near Lichtenwérth, Lower Austria (47° 49’ N,
16° 16" O, 254 mAA.). Lichtenwdrth is situated in the Southern Viennese Plain near
Wiener Neustadt and belongs to the semi-arid climate zone of Eastern Austria. Long-
term averages of rainfall are 599 mm, while mean annual temperature is 9.4 °C. The soil
at the site is a chernozem soil with sandy loam texture and high content of calcium car-
bonate. Depth of the humic Ay, horizon is 60 cm, overlaying a D horizon of coarse fluvial
sediments. The soil is characterized by high water permeability and air capacity.

The second experimental site was located near Pétting, Upper Austria (48° 17' N, 13°
46' O, 381 mAA). Pdétting belongs to the humid climate zone influenced by north-eastern
Atlantic currents. Geographically Pétting forms part of the hilly pre-alpine region. Long
term average rainfall is 817 mm and mean annual temperature is 7.9 °C. The soil at the
site is a typical stagnosol of silty loam texture and a moderately acidic pH value. Depth
of the A, horizon is 25 cm, followed by a P horizon of 40 cm depth which is periodically
water saturated, particularly in spring, due to low permeability of the underlying S1 and
S2 horizons.

At both sites experiments were established on farmer’s fields with conventional farming
machinery as they intended to measure greenhouse gas emission under current agricul-
tural practices. Therefore generally the predominant local practices where followed,
while still unifying the main experimental factors at both locations to allow inter-
comparison of the two experimental sites.

Beside location, experimental factors included (i) cover cropping vs. bare soil after har-
vest of the preceding main crop (winter wheat at Lichtenworth, winter barley at Potting)
and (ii) addition of organic fertilizer (30 kg ha™ N) vs. no fertilization to the cover crops.
At Pétting additionally (iii) the effect of ploughing cover crops before winter vs. mainte-
nance of cover crop residues at the soil surface was considered.

Cover cropping followed the regulations of the Austrian Agro-environmental programme
(OPUL) as well as recommendations of local extension services. The OPUL programme
requires seeding of cover crops before 20" of August and earliest tilling at 15™ Novem-
ber (OPUL variant A). For OPUL variant D, cover crop mixtures of at least two species
are required and the earliest allowed date for tillage is 15" February to keep a residue
cover as long as possible. Extension services generally recommend advancing of seed-
ing dates as early as possible in order to prolong the available autumn growing period of
cover crops. Therefore at both sites, seeding was already done at the End of July, ex-
cept for mustard at Pétting. The later seeding of mustard (15" August) is due to the pho-
toperiodic reaction of this species inducing early flowering and reduced vegetative
growth in case of early seeding. At Lichtenwdrth a different mustard species (Brassica
juncea CzERN.) was used with a lower photoperiodic sensitivity. For this reason here
also mustard was sown together with the remaining cover crops at End of July.

Cover crops consisted of four different variants. A first variant was mustard, which is the
most common cover crop in Austria and was reported to be at risk for high gaseous N
losses. It was sown with a seeding rate of 15 kg ha™ for both mustard species (Sinapis
alba L., Brassica juncea CzERN.). The other cover crops were species mixtures accord-
ing to OPUL variant D. The focus on mixtures was due to the fact that they will be re-
quired for all variants according to the draft of the next OPUL programme. Mixtures were
(i) a commercially available mixture of mustard (Sinapis alba L.; 3 kg ha™) and phacelia
(Phacelia Juss.; 7 kg ha™), (ii) a mixture of cress (Lepidium sativum L.; 2 kg ha™"), Mun-
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go (Guizotia abyssinica CASS.; 1.5 kg ha-1) and oilseed radish (Raphanus raphanistrum
L.; 4 kg ha™), and (iii) a commercially available mixture without brassica species and
containing a legume, consisting of Alexandrian clover (Trifolium alexandrinum L.; 8 kg
ha™), Mungo (1.5 kg ha™") and phacelia (2.5 kg ha™).

Organic fertilization before or during cover cropping is a common practice in regions with
animal husbandry as well as biogas production. At Pétting organic fertilizer was pig slur-
ry while at Lichtenwdrth it was biogas slurry. The total amount of N organic N fertilizers
applied before seeding of cover crops was 30 kg ha™, being the near the permitted max-
imum N fertilization to cover crops when including legumes according to the OPUL pro-
gramme (35 kg N ha™).

A first measurement campaign was performed at the end of the cover crop growing pe-
riod to capture immediate effects at the onset of residue mineralization before winter
(22" November Lichtenwdrth, 28" November Pétting). Two further measurement series
were done at times with potentially high emissions, i.e. with high soil moisture content
and recent thawing of the soil. One such situation occurred at the beginning of February
2013 ‘(measurement at 1% February at both sites), the next at the beginning of March
2013 (measurement Lichtenwérth at 6™ March, Pétting at 7" March), each time with high
soil moisture due to previous snow melting and soil thawing.

The experimental plots had a size of 60 m length and 6 m width (360 m?). In total 10
plots (5 soil cover treatments x 2 fertilization treatments) were established. Measure-
ments were done along a line transect with three equally spaced measurement points
per plot (2 m distance), resulting in a total number of 30 measurements per transect.
Thus a total number of 180 measurements (3 dates x 2 sites x 30 plots) for most param-
eters were done.

In a subset of the main experiment additionally (i) the effect of before winter ploughing
vs. surface residues remaining until spring tillage, and (ii) greenhouse gas emissions in
the subsequent maize main crop was tested. The intention of a continued measurement
series was to provide data that allow comparing the cover crop related emissions with
emissions due to management measures in the main crop. This experiment was estab-
lished on the site and plots with high emission potential (humid site, fertilized plots). Half
of the experimental plots were ploughed at 16" November while the other half remained
without tillage and cover crop residues on the soil surface until tillage before maize
seeding on 26" April. Due to analytical constraints only a subset of soil cover treatments
consisting of fallow, mustard, and the non-brassica mixture (clover-mungo-phacelia)
were considered. Emissions measurements for this subset were performed at the same
dates as for the main experiment and thereafter in a time series until end of June with a
weekly measurement interval (in total 108 measurements; 18 dates x 3 soil cover treat-
ments x 2 subsamples per plot).

Subsequently the main experiment will be referred as “transect experiment” and to the
subset measurements as “time series experiment”.

A-2.2 Measurement methods

A-2.2.1 Greenhouse gas measurements

Measurements of greenhouse gas emissions from the soil were done using the closed
chamber method (e.g. Rochette et al., 1992). PVC cylinders of 10 cm height and 20 cm
diameter were inserted into the soil to a depth of about 3 cm. This gives in a volume of
2200 cm® where changes in greenhouse gas concentration over time were measured.
The cylinders were closed airtight with a lid which contained a rubber septum from which
the gas samples were collected by a syringe of 30 ml sampling volume. Before extract-
ing a sample the gas volume in the cylinder was mixed thoroughly via repetitious aspira-

StartClim2012.A Seite 11



StartClim2012.A

tion of the syringe to avoid that all gases heavier than air accumulate at the soil surface.
Three samples per cylinder were taken over time, one immediately after closing the
chamber, representing the initial concentration, a second after 15 minutes and a third
after 45 minutes. Finally the gas samples were injected in evacuated cups and trans-
ported for further analysis to the laboratory. Analysis of greenhouse gas concentration
(CO,, No,O and CH,4) was done by gas chromatography in the laboratory of the Institute
of Soil Sciences of the University of Natural Resources and Life Sciences. Gas flux (ug
resp. mg m? h”') was calculated from the change in gas concentration over time.

A-2.2.2 Plant biomass and CN ratio

At the end of November, coincident with the first greenhouse gas measurement, above-
ground biomass samples of cover crops were taken. One square meter was cut, pre-
dried at 50°C and thereafter dried for 24 hours at 105°C to constant weight to determine
dry matter. After weighing the samples, they were milled and analysed for carbon and
nitrogen content of the biomass. Each of the 24 biomass samples per site was further
sub-divided into two subsamples to get a better mean. CN analysis was done with a
Carlo Elba CNS Elemental analyser in the laboratory of the Department of Crop Scienc-
es.

A-2.2.3 Soil water content and soil temperature

Soil water content and soil temperature were measured with a Vitel Hydra Probe that
simultaneously measures both parameters. The probe was connected to a hand held
data logger. Conversion of the registered dielectric constant to volumetric soil water con-
tent was done by an equation given by the customer.

When evaluating soil temperature measurements it was noticed that in some cases the
temperature sensor was not inserted sufficiently long into the soil to equilibrate with soil
temperature, particularly for the first measurements in the transect. Therefore only an
average of all measurements for each date was used without analysing treatment ef-
fects that might have been biased by a systematic error. For soil water content no equi-
libration time with soil is required and data inspection did not reveal any systematic error
(e.g. from inappropriate soil-sensor contact). Thus treatment effects and treatment spe-
cific causal relations could be tested for this parameter.

A-2.2.4 Soil mineral N and dissolved organic carbon

Soil mineral N (Nn,in) and dissolved organic carbon (DOC) are two important soil parame-
ters related to greenhouse gas emissions. In the case of N,O, NO; constitutes an elec-
tron acceptor under (locally) anaerobic conditions, while DOC is an easily decomposa-
ble (oxidation) energy supply to the relevant soil microbial communities. Beside the di-
rect relation of DOC to the process of soil borne greenhouse gas formation, DOC has
been shown to be a particularly sensitive indicator for agricultural management impacts
on soil organic matter dynamics and thus appropriate to study short term cover crop
effect.

Soil samples for N,» and DOC were taken from surface near soil (0-5 cm) when green-
house gas measurements were done. Ny, samples were frozen before analysis while
DOC samples were air dried. Analysis of Ny, was done following ONORM L1091 after
extraction of the sample with calcium chloride and photometric determination of N con-
tent in the solution.

DOC was determined for selected samples only due to limited analytical capacity. A
mixed sample (mixture of three replicate samples; 10 samples per site) of each treat-
ment was analysed for the first measurement date as expected most evident differentia-
tion in DOC was expected immediately after the cover crop vegetation period. A second
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set of DOC analysis was made for those measurement dates when highest N20O emis-
sions were registered, i.e. the 1% February at Lichtenwérth and the 7" March at Pétting.
Again a mixed sample for each treatment was made. Analysis was done by infrared
spectroscopy after extraction of the samples by deionized water.

A-2.3 Statistical data analysis

Establishment of the experiments at farmer’s fields and use of common agricultural ma-
chinery did not allow a design with randomized plots for replication. Therefore meas-
urements were done along an equally spaced line transect with three replicate meas-
urements in each plot which were located at a common distance of 2 meter between
each measurement point. All parameters were sampled at the same position with only
small shifts in the longitudinal direction in case of destructive sampling. This sampling
arrangement allowed testing spatial correlation (trends) between the data points via au-
tocorrelation analysis. In case of significant spatial correlation, further explanatory data
analysis could be done via cross-correlation and state-space-models. The existence of
treatment effects would have been detected via a significant autocorrelation over a lag
distance of three (i.e. between measurement points in a plot with the same soil cover
and fertilization treatment). If no spatial correlation between sampling points could be
identified, the three neighbouring sampling points in each plot could be considered as
independent from each other and in this case analysis of variance would be feasible
without being bias by a soil trend.

Generally no significant soil trend in the measurement parameters was discovered. Par-
ticularly greenhouse gas measurements were clearly spatially uncorrelated. It is well
known that particularly those emissions related to anaerobic conditions can show very
small scale variability due to anaerobic micro-sites in the soil (e.g. Parkin, 1987). Thus
the 2 meter distance between measurement points was beyond a possible spatial corre-
lation.

Thus wall data were treated as spatially independent and subject to an analysis of vari-
ance to test for treatment effects. Dates were treated as repeated measures and analy-
sis of variance was consequently done using a mixed model with an unstructured corre-
lation structure of the repeated factor (Piepho et al., 2004).

Another analytical method used to highlight treatment effects for the greenhouse gas
emissions was joint regression analysis. This technique originates from plant breeding to
reveal a distinct variety response in different environments (e.g. Annicchiarico, 1997).
Environments are characterized as the overall mean of a given parameter and are plot-
ted against treatment means. For this analysis the two sites were pooled together,
thereby defining six “environments” (2 sites x three measurement dates) from low to
high emission potential. Then regression analysis of soil cover treatment means vs. the
overall mean for each environment was applied.

Finally regression analysis was performed to analyse any causal relations between plant
environmental variables (plant CN ratio, soil water content, soil temperature, Ny, DOC)
and greenhouse gas emissions.

All statistical analyses were done using SAS 9.1 with PROC MIXED for analysis of vari-
ance and PROC REG for regression analysis. Autocorrelation was analysed within the
time series viewer of SAS.
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A-3 Results and discussion

A-3.1 Environmental conditions

The main measurement period of greenhouse gas emissions at the two experimental
sites was between November 2012 and March 2013. Figure A-1 shows the monthly av-
erages of precipitation and temperature for the cover crop growing period (July 2012-
December 2012) and the following winter and spring months when gas flux measure-
ments were done.
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Fig. A-1: Monthly average of precipitation and air temperature at the measurement sites com-
pared to long term average values.

At Pétting, the sum of rainfall between July 2012 to April 2013 was slightly lower (623
mm) compared to the long-term average (648 mm). At Lichtenwoérth on the contrary,
there was substantially higher total precipitation (577 mm) compared to the long-term
average (447 mm) which was mainly due to very high rainfall in July 2012. July rainfall is
crucial for cover crop establishment, particularly in semi-arid regions with higher proba-
bility of summer drought that might delay cover crop emergence.

Temperature at both sites was higher during the cover crop growing period in autumn,
while spring was characterized by substantially lower temperatures compared to the
long-term average. Over the whole measurement period, temperatures were slightly
lower than the long-term average.

Figure A-2 shows the range of soil temperature and soil water content at the times of
measurement of gaseous emissions for the transect experiments (Fig. XX).
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Fig. A-1: Boxplots of soil temperature and soil water content. Black boxes are for the humid site
(Pétting, OO), while white boxes are for the semi-arid site (Lichtenwdrth, NO).

As expected, soil temperature was generally lower while water content was higher at the
humid compared to the semi-arid site. At Pétting soil temperature ranged from a mini-
mum of 6.2°C in February 2013 to a maximum of 15.4°C in March 2013, soil water con-
tent ranged from a minimum of 24.8 Vol.% in November 2012 to a maximum of 47.2
Vol.% in March 2013. At Lichtenworth the minimum of soil temperature was also regis-
tered in February 2013 (6.7 °C) and the maximum in March 2013 (16.7°C). The range of
soil water content at Lichtenwdrth was between 18.0 Vol. % in November 2012 and 34.4
Vol. % in Februar 2013. Thus the different environmental conditions (climate, soil) at the
two sites were reflected clearly in the average conditions during gas flux measurement.

Soil temperature and soil water content over the continued time series at the humid,
high emission site Potting are shown in Figure 3. Soil temperature increased to a maxi-
mum of 27.5 °C (9" June 2013) and the range of water content during the time series
measurement was from a minimum of 12.4 Vol. % (28" April 2013) to a maximum of
47.6 Vol. % (5™ May 2013).
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Fig. A-3: Boxplots and time course of mean values of soil temperature and soil water content
for the time series at the humid site at Pétting.

Two variables related to the formation of soil greenhouse gas emissions are soil mineral
nitrogen (NO3) as an electron acceptor for NoO during anaerobic conditions and easily
decomposable organic carbon as substrate for soil microorganisms. An appropriate indi-
cator for this fraction of organic carbon is dissolved organic carbon (DOC). The range of
both variables is shown in Figures A-4 and A-5.
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Fig. A-4:

Boxplots of soil mineral nitrogen (Nmin) at the two measurement sites. Black boxes

are for the humid site (Pétting, OO), while white boxes are for the semi-arid site

(Lichtenwérth, NO).

For soil mineral nitrogen the two sites differed mostly in late autumn 2012 at the end of
the cover crop growing period. At this time values at the humid site were 37.7 % higher
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compared to the semi-arid site. Although there was a higher N, content already before
cover crop seeding in July 2012 (85 kg ha™ vs. 104 kg ha™), the differentiation increased
during the cover crop growing period, indicating a more efficient nitrogen remediation for
the semi-arid site at this year.

In late winter before onset of spring mineralization, the average N, was similar at both
sites and also in early spring there were no substantial differences. Still it should be no-
ticed that the range of values at the semi-arid site at the two spring measurement dates
was always higher. This could be related to higher differentiation in the mineralization
dynamics of cover crop residues due to higher soil temperature.

80

Before winter After winter

Fig. A-5: Boxplots of dissolved organic carbon (DOC) at the two measurement sites. Black
boxes are for the humid site (P6tting, OO), while white boxes are for the semi-arid site
(Lichtenworth, NO).

DOC was only measured twice, once before winter at the end of cover crop growth and
once after winter when highest N,O emissions were registered. Values increased be-
tween late autumn and early spring, indicating the onset of mineralization at the second
measurement date. Values were in a similar range at the two sites with slightly higher
DOC concentration before winter at Poétting, and after winter at Lichtenworth.

A-3.2 Cover crop growth

The focus of the study was the influence of different cover crops compared bare soil on
greenhouse gas emissions. Figure 6 shows cover crop dry matter at the two sites at the
end of the autumn growing period as well as the CN ratio of cover crop biomass. There
was a significant interaction between site and surface cover treatment, while CN ratio
showed only significant site and crop main effects. Details on N uptake are not reported
here which was proportional to total dry matter (& 83 kg N ha™ at Pétting and 108 kg N
ha™ at Lichtenworth).

Cover crops achieved a relatively high dry matter at both sites. Literature gives values of
around 4000 kg ha™' dry matter (e.g. Litke Entrup, 2000). In average Lichtenwérth
showed higher cover crop dry matter which is related to higher temperatures during the
cover crop growing period. In the experimental year there was no water limitation partic-
ularly during the early growing period at the semi-arid site. After a quick establishment of
the cover crop stand plants could optimally use the higher availability of growing factors
(radiation, temperature). At Poétting the autumn vegetation period is shorter and growth
is more strongly limited in autumn by low temperatures and lower photosynthetic active
radiation.
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At the Lichtenwdrth site, mustard and the mixture of cress, Mungo and oilseed radish
had highest dry matter, while the mustard-phacelia mixture and the mixture of Alexan-
drian clover, Mungo and phacelia were at similar lower level. At Pétting on the contrary
mustard had lowest dry matter while all other cover crops were at a similar level. This is
obviously related to the later sowing of mustard in this region.

CN ratio was lowest for mustard and highest for the mustard-phacelia mixture. Also here
the later sowing of mustard was probably decisive, leading to less lignification of plant
tissues. The mustard species used at the semi-arid site had a later maturity and there-
fore also a lower CN ratio of the final biomass. In average the semi-arid site showed a
significantly higher CN ratio of biomass indicating that in average plant development
was more advanced at this site at the end of November at sampling.
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Fig. A-6: Cover crop dry matter and CN ratio at the two experimental sites. Significant differ-
ences for p<0.05 between sites are indicated by upper-case letters, while differences
between cover crop species at one site (dry matter) and average species differences
(CN ratio) are indicated by lower-case letters.

A-3.3 Range of greenhouse gas emission potential

Similar to environmental conditions (A-3.1) first the range of greenhouse gas emissions
at each sampling date during the measurement period is reported. This should indicate
the different emission potential between dates and sites. It also reveals the high small
scale variability of soil greenhouse gas emissions that has been described in several
studies (e.g. Partkin, 1987; Rochette et al., 1991).

Figure A-7 shows the box-plots from the three measurement dates for the transect ex-
periment at both sites, while -Figure A-8 shows box-plots for the subsequent time series
at Poétting. N,O emissions were generally low. The median of values was near zero in all
cases. The highest emission value at Pétting was registered in March 2013 (31.4 mg m™
h™"). At the Lichtenwérth site the highest emission was measured in February 2013 (46.6
mg m? h™"). The two dates are coincident with highest average water content measured
at both sites.

CO, emissions were higher at Potting compared to Lichtenwdrth which might be related
to higher humus content of the A horizon at the finer textured soil at Potting. It is obvious
that at Pétting there is a stronger influence of measurement date with a clear depression
of CO, emissions in February 2012. During February lowest soil temperatures were reg-
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istered and thus reduced microbial activity can be expected compared to the other
measurement dates.
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Fig. A-7:  Boxplots of N;O and CO, emissions from soil at the two measurement sites. Black
boxes are for the humid site (P6tting, OO), while white boxes are for the semi-arid site
(Lichtenworth, NO).

Figure A-8 shows the range of emissions for the time series at Potting. Also CH4 emis-
sions are reported here as there were some dates with emissions differing from zero. It
should be noticed that the y-axes for N,O is drawn on a logarithmic scale, which indi-
cates the high temporal variability for this trace gas. CO, and N,O emissions showed a
common increase to a first emission peak at 5™ May after organic fertilizer application
(21 April 2013) and tillage before maize seeding (26" April 2013). For CO, emissions a
second peak occurred at 16" June which is coincident with a marked increase in soil
temperature. For N,O a second peak can be seen at 2™ June. In this case we suggest
that both near saturated soil water content and concomitant high soil temperature ex-
plain this emission peak. Also CH, had a peak at this date which indicated that under
certain environmental conditions there is also an emission potential for this trace gas in
temperate soils. For the first CH, peak at 30" March a straightforward explanation can-
not be provided.
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Fig. A-8: Boxplots and time course of mean values of trace gas emissions from soil for the time
series at the humid site at Potting.

A-3.4 Cover crop influence on greenhouse gas emissions and related soil pa-
rameters (soil water content, Ny,, DOC)

After having described environmental (climate, soil) conditions as well as the range of
the measured parameters, now results from analysis of variance are reported, testing for
significant treatment effects (site, soil cover type, fertilization) on the measured parame-
ters, particularly on greenhouse gas emissions. For all parameters there was a signifi-
cant influence of the different sites. Thus in all cases treatment effects will be shown
separate for the two sites.

A-3.4.1 Greenhouse gas emissions

Figure A-9 shows the influence of different cover crops and fallow on N,O and CO,
emissions of the transect experiment. For the semi-arid site only CO, emissions showed
a highly significant cover crop effect (p<0.0001), while differences in N,O flux were non-
significant. For the humid site Pétting, both, N,O (p=0.0350) as well as CO, (p=0.0072)
emissions showed a significant cover crop effect. For N,O both sites showed highest
emissions from the soil after a mustard cover crop. Still statistical significance of this
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finding could only be demonstrated at the humid site. At Lichtenworth, cover crop treat-
ments including brassica species were higher compared to the non-brassica mixture and
bare soil. Also in Pétting the non-brassica mixture had lowest N,O emissions among
cover crops. However, differences to the other variants except mustard were non-
significant.

Concerning CO,, fallow had lowest emissions at both sites as expected. After an addi-
tional input of organic carbon from cover crops, these plots showed significantly higher
emissions. Among the cover crops, the non-brassica mixture (Clover-Mungo-Phacelia)
had lowest CO, emissions among all cover crops. Also a significant difference in CO,
response to fertilization at both sites should be mentioned. While Lichtenwérth did not
show a significant fertilizer effect (+ fertilizer: 7.3 mg m? h™" —fertilizer: 8.4 mg m? h'™"), at
Pétting fertilization significantly increased average CO, emission (17.0 mg m? h™' vs.
13.2 mg m? h™"). Fertilizer effect on Ny, values did not explain these differences as ferti-
lization increased N, in upper soil layers only slightly at both sites with even higher
differences in Lichtenworth (24.8 % increase vs. 7.2 % at Pétting). Also average DOC
values measured in November did provide an explanation. Other possible effects of dif-
ferent fertilizer quality could not be tested from these data.
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Fig. A-9: Greenhouse gas emissions (N,O and CO,) from different cover crop treatments and
fallow at two climatically different sites. Treatments sharing a common lower-case let-
ters do not differ significantly (p<0.05) among each other.

ANOVA results for the time series at Poétting are shown in Figure A-10. For N,O signifi-
cant differences between cover crop treatments coincided with the date of organic ferti-
lizer application (21% April) and the date of high emission potential due to soil moisture
near saturation (4™ June). At 21 April there was a clearly lower emission from the mus-
tard treatment compared to fallow and clover-Mungo-phacelia mixture. On 4" June mus-
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tard had significantly higher emissions compared to clover-Mungo-phacelia, while fallow
had intermediate emissions. Generally it can be observed that until tillage on 28" April
mustard was at the lower end of emissions, while afterwards it was at the higher end.
This might be related to a distinct mineralization dynamics from the other treatments that
are enhanced by organic fertilizer application and tillage.

For CO, emissions differed significantly between 14™ April and 5™ May (except 28"
April) as well as at 9™ and 23™ June. Again the first period of significant differences co-
incided with a change in the ranking between treatments, with mustard having lowest
emissions before fertilizer application and tillage (14™ April) and thereafter changing po-
sition with the fallow treatment. Bare soil thereafter was mostly lowest in its CO, emis-
sions, which was also statistically significant at 9 June. At the last measurement date
(23" June) the clover-Mungo-phacelia mixture had lowest emissions while mustard was
at the upper end and fallow had an intermediate position. A straightforward explanation
for the abrupt change of the mixture between 16" and 23™ June can not be given from
these data.

Ploughing of cover crops before winter effected N,O emissions significantly only at the
first measurement date after the tillage intervention on 28" November 2012 with increas-
ing emissions (ploughing: 17.0 mg m? h™*, no ploughing: 5.3 mg m? h™") and on 16" June
2013 when the ploughed treatment had significantly lower emissions (ploughing: 48.9
mg m? h™', no ploughing: 100.1 mg m? h™"). In the first case an increased N and C re-
lease by tillage enhanced mineralization is suggested that might have led to denitrifica-
tion at anaerobic micro-sites in spite of soil loosening. The reason for the differentiation
on 16" June is unclear.

As mentioned above, there were some dates with CH, emissions differing from zero.
Still at most dates there were no clear treatment effects and values showed very high
variability. Only at the last measurement date (23" June) there was a significant interac-
tion between cover crop treatment x tillage (p=0.0019) which is shown in Figure A-10.
Here the treatment which was ploughed before winter had substantially higher emis-
sions for the cover crop mixture compared to all other treatments.
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Fig. A-10: Greenhouse gas emissions (N,O, CO,, CH,) from different cover crop treatments and
fallow at different dates for the humid experimental site at Poétting. Significant differ-

ences (p<0.05) are indicated by lower-case letters.

In order to highlight differences in potential emissions among treatments joint regression
was used. Figures A-11 and A-12 show the average emission potential on the x-axis
and the corresponding emissions of the single treatments on the y-axis.

For N,O application of organic N-fertilizer to the cover crops resulted in higher emission
over the whole range of emission levels. However there was a trend to amore pro-
nounced N-fertilization effect in case of high emission potential.

For the different cover crops there is a clear difference of mustard that leads to substan-
tially higher emissions compared to the other treatments in high emission environments.
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There seems to be also a slight tendency of the fallow treatment to higher emissions in
case of increasing emission potential compared to the remaining cover crop treatments.

It is suggested that a major reason for the substantially higher N,O emissions for mus-
tard is related to the decomposition of glyscolinolate which is a compound of this cover
crop. Furthermore lowest CN ratio of mustard biomass (cf. Fig. A-6) in these experi-
ments may have contributed to higher emissions. All relevant environmental parameters
(Nmin, DOC, soil water content; cf. Fig. A-13 and A-15) did not show a sufficiently clear
distinction from the other variants to explain the higher denitrification losses of mustard.
Glucosinolate content is about 1 % of fresh weight, with composition and content varying
between plant organs and with plant age (Fahey et al., 2001). During decomposition of
the mustard glucosinolate sinigrin, allylisothiocyanat and SO4% are formed. Gucose is
subject to fermentation under anaerobic conditions, further lowering oxygen content. In
this process H,S is formed, further lowering the soil redox potential and acting as a bac-
tericide, thereby providing additional substrate for anaerobic decomposition (Fahey et
al., 2001, Mentler, personal communication). Thus several aspects in this process (oxy-
gen consumption, lowering of rH, and addition of easily decomposable substrate) in-
crease the process of denitrification beyond other residues under similar environmental
conditions.
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Fig. A-11: Joint regression analysis of N,O emissions for different cover crops compared to fal-
low.

Figure A-12 shows the joint regression for CO,. Again there was a trend of higher CO,
emissions under conditions of higher emission potential for the fertilized treatment.

Comparing the soil cover treatments, fallow had lowest emissions over the whole range
of emission potential, with differences to cover crops increasing towards high emission
conditions. Also differences among the cover crop treatments became more evident at
high emission scenarios, with mustard-phacelia mixture at the top and the clover-
mungo-phacelia mixture at the lower end.
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Fig. A-12: Joint regression analysis of CO, emissions for different cover crops compared to fal-
low.

A-3.4.2 Soil water content, Nyin and DOC

Figure A-13 reports effects of different soil cover treatments on soil water content and
Nmin at the dates of greenhouse gas measurement (ANOVA showed significant site x
date x cover crop interaction with p=0.0365 for soil water and p=0.0003 for Nyn).

Interestingly at the semi-arid site fallow had always the lowest surface near water con-
tent, indicating a dominant water saving effect from residue cover compared to the water
consumption during active cover crop growth for the surface near soil layer. Most distinct
differences between fallow and cover crops can be seen in February at Lichtenworth. At
the humid site, differences were less obvious which is related to higher precipitation
equilibrating the mulch cover induced differences in surface near soil water content.

Differences in N, showed the reduction of soil nitrogen by cover crops before winter.
Cover crop effects were more evident at the semi-arid site. The lower N, for fallow in
February at the semi-arid site is probably related to higher N-leaching to deeper layers.
The increase in Ny, between February and March indicates the onset of spring mineral-
ization with highest values for bare soil and mustard and lowest for the non-brassica
mixture. Interpretation of distinct spring mineralization dynamics between variants how-
ever is complicated from these data and should be done with care.
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Fig. A-13: Soil water content and N, from cover cropped and fallow soil at different measure-
ment dates and at two climatically different sites. Significant differences between
treatments at each measurement date (p<0.05) are indicated by lower-case letters.

Figure A-14 shows soil water for the time series at Pétting. It is difficult to identify a con-
sistent patter of differentiation between treatments. Differences seem to become more
evident at higher water contents and generally lower over time. In average the clover-
Mungo-phacelia mixture had a slightly higher water content (32.6 Vol.%) compared to
the other treatments (31.7 Vol%).

Significant differences between ploughing of cover crops before winter and surface
mulching could be found. Interestingly the mulch treatment had a slightly lower water
content compared to the ploughing. Visual observation indicated a slower rainfall infiltra-
tion and frequent occurrence of stagnant water in the ploughed treatment which was
related to a more pronounced micro-relief at the soil surface after ploughing. As men-
tioned above, the mulch effect had obviously less importance for surface near water
content at this site compared to a semi-arid site.
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Fig. A-14: Soil water content at different measurement dates at Pétting for two cover crop treat-
ments and fallow soil as well as for ploughing vs. residues remaining at the soil sur-
face. Significant differences between cover cropping vs. fallow at each measurement
date (p<0.05) are indicated by lower-case letters, differences between tillage treat-
ments are indicated by asterisk (*** p<0.001, ** p<0.01, * p<0.05).

Finally also DOC content of the soil measured at the end of the cover crop growing sea-
son (Fig. A-15) is shown. Analysis was done with a mixed sample of each plot, so no
statistical evaluation could be done. For both sites the unfertilized treatment showed
higher DOC content compared to the plots having received N-fertilizer. Among soil cover
treatments a consistently higher DOC content for the cover cropped plotscould be ob-
served at Pétting, while at Lichtenwdrth the DOC level was similar for all treatments,
although fallow had the lowest DOC content too.
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Fig. A-15: Dissolved organic carbon in soil following different cover crops and fallow as well as
for organic N-fertilizer addition to cover crops vs. unfertilized cover cropping. Samples
were taken at the end of the cover crop growing season (28th November 2012) at two
climatically different sites.

A-3.5 Driving factors of soil greenhouse gas emissions

In the present study selected plant and environmental variables were registered at the
time of greenhouse gas measurements. The objective was to find out crucial variables
underlying greenhouse gas emission from soil in a cover cropped field. It should be no-
ticed that for some variables, analysis was done only for selected sampling points
(DOC) and in one case (soil temperature) sensor problems only allow an evaluation for
the time series.

Figures A-16 and A-17 show the regression for N,O flux with soil water content and
DOC concentration. At both sites a significant positive relation between these variables
could be found. As expected a higher soil water content generally induced higher emis-
sion potential. At Lichtenworth the relation to soil water content was best described by a
linear equation, while at Poétting there was a strongly exponential relation between both
variables with a strong increase in N,O emissions at a water content higher 40 Vol. % (>
80 % water filled porosity).

Also the relation between DOC and N,O emissions was significant at both sites, alt-
hough r* was quite weak at Potting. It is interesting to note that coefficients in the linear
equation for both sites are very similar, particularly the slope parameter. This indicates
that there might be a unique causal relation between these two parameters.
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Fig. A-16: Regression relation between soil water content and N,O emissions at a semi-arid
(Lichtenworth) and a humid (Pétting) site.

18
16 | Lichtenwérth &>
14 1 95% Confidence Band
Regression line
12 4 < Measurements <>

=

o

g Y N,O = -4.56+0 26"DOC
E P r’=0.53, p=0.0006

é‘ 20 | Pétting o

0, N,O =-5.29+0.27"DOC

=z 15 { r’=0.23, p=0.041

>
0 | ¢ comlie & &

20 25 30 35 40 45 50 55 60
DOC (mg ™)

Fig. A-17: Regression relation between dissolved organic carbon and N20 emissions at a semi-
arid (Lichtenworth) and a humid (P6tting) site.

For CO, emissions only at the semi-arid site significant relations to environmental varia-
bles were found, i.e. soil water content and DOC (Fig. A-18). In both cases r* was rather
low, indicating that other indicators might be required (e.g. soil microbial activity) to bet-
ter capture causal factors for CO, emissions. Still it can be considered that DOC is a key
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factor that should be integrated in further analysis as it seems both sensitive to short
term effects of cover crops as well as related to greenhouse gas emissions.
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Fig. A-19: Regression relation between soil temperature and trace gas emissions at the humid

site (Potting; times series data).

For Pétting, a significant relation was found between soil temperature and trace gas
emissions using the times series data and average values over all treatments (Fig. A-
19). For both gases (CO, and N,0) increasing soil temperature induced higher emis-
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sions. This was probably due to higher microbial activity. For N,O the high emissions at
fertilization and tillage were removed before applying regression analysis as they would
have biased the relation of interest between soil temperature and gas emissions due to
the dominant effect of management at these two measurement dates.

Finally also the relation between biomass quality of cover crops and greenhouse gas
emissions is reported. Figure A-20 shows the regression between N content of cover
crop biomass and CO, as well as N,O emissions. As there were just four points to de-
termine the regression, the relation is only significant at Lichtenworth in spite of the gen-
erally high r* at both sites. The strongest relation between the two variables was ob-
served for the measurement date in February except for N,O at Potting where the high-
est r’ was for the gas flux measurement in March. A similar but slightly weaker relation
could be observed for CN ratio (not shown). At the first measurement date, biomass
(residue) quality obviously still did not effect as plants as this date was before the onset
of mineralization for the bulk of cover crop biomass. The weaker relation for the meas-
urement date in March is simply related to the lower emission potential at this date, ex-
cept for N,O at Pétting where also the relation to plant N content was strongest at this
date.
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Fig. A-20: Regression relation between the N content of cover crop biomass and greenhouse
gas emissions.
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A-4 Conclusions

This study presents results of greenhouse gas measurements from cover cropped soil at
two field experiments conducted at climatically different sites in Austria. The main objec-
tive was to compare different cover crops with a bare soil treatment, study the im-
portance of greenhouse gas emissions related to cover cropping compared to other
management influences (fertilization, tillage) and determine main soil and plant related
factors underlying greenhouse gas formation.

The main conclusions are:

1. The overall N;O emission potential related to cover crop residue input and de-
composition (from end of cover crop growing season in late autumn until spring
of the subsequent year) is low compared to other management impacts, in spite
of temporally high soil water content. Also CO, emissions are low due to low soll
temperature and increase with the onset of the main mineralization period in
spring. CH, emissions are neglible, although they were detected at some meas-
urement dates (Fig. A-8).

2. Cover crops increase CO, emissions which reflect an enhanced biological activi-
ty of the soil due to the input of additional easily decomposable organic carbon
(Fig. A-9). While cover crops thus contribute organic matter to the soil, CO,
emissions from a bare soil has to be considered as net losses which are not
counterbalanced by any additional input. NoO emissions were increased by a
mustard cover crop in pure stand, particularly for situations with high emission
potential (Fig. A-11). It is suggested that the biochemistry of mustard residues
(glucosinolate decomposition) is the main reason for the enhanced N,O emis-
sions. Also a relation between the N content of cover crop biomass and green-
house gas emissions could be shown (Fig. A-20).

3. Soil water content and dissolved organic carbon (DOC) were the most clearly re-
lated to greenhouse gas emissions. Particularly DOC is suggested as an appro-
priate indicator for cover crop induced ecosystem dynamics related to the carbon
and nitrogen cycle. Instead no clear relation between surface near N, content
and denitrification could be found, which was probably related to a minor differ-
entiation in this parameter among the variants in these experiments.

From these results it is suggested that future agro-environmental programmes should
further strengthen cover crops as a main measure for climate change adaption in agri-
culture. Mustard in pure stand should be substituted by mixtures containing this species
(resp. brassica species en general). Brassica species are important and efficient cover
crops and these results showed that grown in mixture at a lower seeding density not
enhanced N,O emission potential should be expected.

Further investigation of cover crops on greenhouse gas emissions with continuous
measurement sites are recommended to determine the overall net losses and balances
of input vs. losses for C and N. Furthermore it is recommended to measure greenhouse
gas emission of a larger sample of species and mixtures with higher spatial resolution,
particularly for NoO due to its distinct small scale variability. DOC could be used as a
good indicator for several cover crop effects. However, also indicators of soil microbial
activity would be relevant to better understand the main causal relations leading to dis-
tinct greenhouse gas formation between cover crops and compared to bare soil.
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