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Summary
Nitrous oxide (N2O) is a powerful greenhouse gas and also the remaining threat to the ozone
layer. N2O emission is mainly from cropland accounting for 82% of the global N2O increase,
which is of great concern for policymakers making strategies of mitigating N2O emissions. One
of such strategies is agroforestry systems which integrate trees into cropland and are considered
as environmentally-friendly ecosystems, in particular in greenhouse gas mitigation (e.g. N2O
emissions). The net balance of N2O flux is constrained by gross N2O emissions and uptake.
However, we are still struggling to fully understand the complexity of gross N2O emissions and
uptake due to its spatial- and temporal variation. No systematic comparison of gross N2O fluxes
was conducted between cropland agroforestry and monoculture. Besides, N2O produced and
consumed are not only in topsoil but also in subsoil and there is lacking information about how
gross N2O emissions and uptake vary at depths in different types of agroforestry systems.
The first study aimed to assess the impact of land-use change on gross N2O emissions and uptake
and their associated controls between cropland agroforestry and monoculture. The study was
conducted at three sites in Germany, of which two sites had paired cropland agroforestry and
monoculture on a loam Calcaric Phaeozem soil and a clay Vertic Cambisol soil, and one site was
a cropland monoculture on a sandy Arenosol soil. Gross N2O emissions and uptake were
monthly measured by using the 15N2O pool dilution technique over two growing seasons (2018 2019). Our results showed that soil gross N2O emissions from the area-weighted tree and crop
rows in the agroforestry did not differ from monoculture. Nonetheless, the unfertilized tree rows
showed the lowest gross N2O emissions. Although tree rows only occupied 20% in the
agroforestry, annual gross N2O emissions in the top 5-cm soil decreased by 6% to 36% in the
agroforestry compared to monoculture. Gross N2O emissions were influenced by soil mineral N,
available C, and moisture content rather than by denitrification gene abundance. Soil gross N2O
uptake was highest in the tree row and decreased with distance into crop rows. The agroforestry
tree row increased annual gross N2O uptake in the top 5-cm soil by 27% to 42% compared to
monoculture. In the tree row, soil gross N2O uptake correlated with nirK gene abundance which,
in turn, was correlated with nosZ clade II that was related to low mineral N-to-available C ratios.
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The second study aimed to compare gross N2O emissions and uptake between riparian tree buffer
and tree row of alley cropping system, and between depths (0 – 5 vs. 40 – 60 cm), and to
elucidate their associated abiotic and biotic controls. This study was conducted at two contrasting
agroforestry systems in Germany: riparian tree buffer and tree row of the alley cropping system.
We quantified gross N2O emissions and uptake using the 15N2O pool dilution technique in early
spring (April), spring (June), summer (August), and fall (October). Our results showed that
riparian tree buffer had higher gross N2O emissions and uptake in topsoil (0 – 5 cm) than the tree
row of alley cropping but such differences were not observed in subsoil (40 – 60 cm). Although
gross N2O emissions and uptake did not differ between the two depths in each agroforestry
system, we observed a hot moment, i.e. early spring, for gross N2O emissions in topsoil of
riparian tree buffer, with a large source of N2O observed. Gross N2O emissions were mainly
controlled by mineral N, biodegradable organic carbon, and water-filled pore space rather than
microbial population size between the two agroforestry systems and depths. Gross N2O uptake in
topsoil was driven by available carbon and nirK gene abundance across agroforestry systems.
But subsoil showed a sink of N2O due to low mineral N. Gross N2O uptake in subsoil was
affected by soil temperature in each agroforestry system, indicating positive feedback of global
warming.
Overall, this research provides new insights into mitigation of N2O emissions from soil to
atmosphere after conversion of cropland monoculture to agroforestry and also provides fieldbased rates of gross N2O fluxes at depths in contrasting agroforestry systems. Our research
provides the first year-round quantification of gross N2O emission and uptake using 15N2O pool
dilution for cropland agroforestry and monoculture, with key implications for support on
greenhouse gas regulation function for policy implementation of agroforestry. Our findings
emphasize that adjusting the tree and crop areal coverages of agroforestry can further optimize
the benefits of agroforestry in reducing emissions and increasing uptake of N2O in soils. As
discussed in the synthesis chapter, future studies should increase the measurement frequency of
gross N2O fluxes at depths to capture hot moments and spots especially in the riparian tree buffer,
and further better constrain the contribution of subsoil to the ecosystem N loss although this area
is relatively small.
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Zusammenfassung
Distickstoffoxid (N2O) ist ein starkes Treibhausgas und auch die verbleibende Gefahr für die
Ozonschicht. Die N2O-Emissionen stammen hauptsächlich von Ackerflächen, auf die 82 % des
weltweiten N2O-Anstiegs entfallen, was für politische Entscheidungsträger, die Strategien zur
Eindämmung der N2O-Emissionen entwickeln, von großer Bedeutung ist. Eine dieser Strategien
ist die Agroforstwirtschaft, bei der Bäume in Ackerflächen integriert werden und die als
umweltfreundliches Ökosystem angesehen wird, insbesondere im Hinblick auf die Eindämmung
von Treibhausgasen (z.B. N2O-Emissionen). Die Nettobilanz des N2O-Flusses wird durch die
Brutto-N2O-Emissionen und N2O-Aufnahme eingeschränkt. Jedoch haben wir immer noch Mühe,
die Komplexität der Brutto-N2O-Emissionen und -Aufnahme aufgrund ihrer räumlichen und
zeitlichen Variation vollständig zu erfassen. Es wurde kein systematischer Vergleich der BruttoN2O-Flüsse zwischen Ackerland-Agroforst und Monokultur durchgeführt. Außerdem wird N2O
nicht nur im Oberboden, sondern auch im Unterboden produziert und verbraucht, und es fehlen
Informationen darüber wie die Brutto-N2O-Emissionen und -Aufnahme in den verschiedenen
agroforstwirtschaftlichen Systemen in der Tiefe variieren.
Die erste Studie hatte zum Ziel, die Auswirkungen von Landnutzungsänderungen auf die BruttoN2O-Emissionen und N2O-Aufnahme sowie die damit verbundenen Regulierungen zwischen
Ackerland-Agroforst und Monokultur zu bewerten. Die Studie wurde an drei Standorten in
Deutschland durchgeführt, wobei an zwei Standorten Ackerland-Agroforst und Monokultur auf
einem lehmigen Calcaric Phaeozem-Boden und einem lehmigen Vertic Cambisol-Boden
angesiedelt waren und an einem Standort eine Monokultur auf einem sandigen Arenosol-Boden
betrieben wurde. Die Brutto-N2O-Emissionen und die Aufnahme wurden monatlich mit der
15

N2O-Pool-Verdünnungstechnik über zwei Vegetationsperioden (2018 - 2019) gemessen.

Unsere Ergebnisse zeigten, dass sich die Brutto-N2O-Emissionen des Bodens der
flächengewichteten Baum- und Ackerstreifen im Agroforst nicht von der Monokultur
unterschieden. Dennoch wiesen die ungedüngten Baumstreifen die niedrigsten Brutto-N2OEmissionen auf. Obwohl der Anteil der Baumstreifen im Agroforstsystem nur 20 % betrug,
gingen die jährlichen Brutto-N2O-Emissionen in den obersten 5 cm des Bodens im Agroforst im
Vergleich zur Monokultur um 6 % bis 36 % zurück. Die Brutto-N2O-Emissionen wurden eher
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durch den mineralischen Stickstoff, den verfügbaren Kohlenstoff und den Feuchtigkeitsgehalt
des Bodens als durch die Häufigkeit der Denitrifikationsgene beeinflusst. Die Brutto-N2OAufnahme des Bodens war im Baumstreifen am höchsten und nahm mit dem Abstand vom
Baumstreifen in den Ackerstreifen ab. Der agroforstliche Baumstreifen erhöhte die jährliche
Brutto-N2O-Aufnahme in den obersten 5 cm des Bodens um 27 % bis 42 % im Vergleich zur
Monokultur. Im Baumstreifen korrelierte die Brutto-N2O-Aufnahme des Bodens mit der
Häufigkeit des nirK-Gens, das wiederum mit der nosZ-Klade II korreliert war, die mit einem
niedrigen Verhältnis von mineralischem N zu verfügbarem C zusammenhängte.
Die zweite Studie zielte darauf ab, die Brutto-N2O-Emissionen und N2O-Aufnahme zwischen
Baum-Uferrandstreifen und Baumstreifen des Alley cropping Systems sowie zwischen den
Tiefen (0 – 5 vs. 40 – 60 cm) zu vergleichen und die damit verbundene abiotische und biotische
Regulation zu klären. Diese Studie wurde an zwei unterschiedlichen Agroforstsystemen in
Deutschland durchgeführt: Baum-Uferrandstreifen und Baumstreifen des Alley cropping
Systems. Wir quantifizierten die Brutto-N2O-Emissionen und -Aufnahme mithilfe der
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N2O-

Pool-Verdünnungstechnik im zeitigen Frühjahr (April), im Frühjahr (Juni), im Sommer (August)
und im Herbst (Oktober). Unsere Ergebnisse zeigten, dass die Uferrandstreifen im Oberboden (0
– 5 cm) höhere Brutto-N2O-Emissionen und -Aufnahme aufwiesen als die Baumstreifen im
Alley cropping. Im Unterboden (40 – 60 cm) wurden solche Unterschiede jedoch nicht
beobachtet. Obwohl sich die Brutto-N2O-Emissionen und -Aufnahme zwischen den beiden
Tiefen in jedem Agroforstsystem nicht unterschieden, beobachteten wir einen kritischen Moment,
d.h. das frühe Frühjahr, für die Brutto-N2O-Emissionen im Oberboden des Uferrandstreifens,
wobei eine große N2O-Quelle beobachtet wurde. Die Brutto-N2O-Emissionen wurden
hauptsächlich durch mineralischen Stickstoff, biologisch abbaubaren organischen Kohlenstoff
und den mit Wasser gefüllten Porenraum gesteuert und nicht durch die Größe der mikrobiellen
Populationen in den beiden Agroforstsystemen und Tiefen. Die Brutto-N2O-Aufnahme im
Oberboden wurde durch den verfügbaren Kohlenstoff und die Häufigkeit von nirK-Genen über
die Agroforstsysteme bestimmt. Der Unterboden war jedoch aufgrund des geringen
mineralischen Stickstoffs eine N2O-Senke. Die Brutto-N2O-Aufnahme im Unterboden wurde in
jedem Agroforstsystem durch die Bodentemperatur beeinflusst, was auf eine positive
Rückkopplung der globalen Erwärmung hindeutet.
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Insgesamt bietet diese Forschungsarbeit neue Einblicke in die Verringerung der N2O-Emissionen
aus dem Boden in die Atmosphäre nach der Umstellung von Ackerbau-Monokulturen auf
Agroforstwirtschaft und liefert auch feldbasierte Raten der Brutto-N2O-Flüsse in der Tiefe in
unterschiedlichen Agroforstsystemen. Unsere Forschung liefert die erste ganzjährige
Quantifizierung von Brutto-N2O-Emissionen und -Aufnahme unter Verwendung von
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N2O-

Pool-Verdünnungstechnik für Agroforst und Monokulturen auf Ackerland, mit wichtigen
Implikationen für die Unterstützung der Treibhausgasregulierungsfunktion für die politische
Umsetzung von Agroforstwirtschaft. Unsere Ergebnisse unterstreichen, dass eine Anpassung der
Baum- und Ackerflächen in der Agroforstwirtschaft die Vorteile der Agroforstwirtschaft bei der
Verringerung der Emissionen und der Erhöhung der N2O-Aufnahme in den Böden weiter
optimieren kann. Wie im zusammenfassenden Kapitel erörtert, sollten künftige Studien die
Messhäufigkeit der Brutto-N2O-Flüsse in der Tiefe erhöhen, um kritische Momente und Flecken
vor allem im Ufergehölzstreifen zu erfassen und den Beitrag des Unterbodens zum StickstoffVerlust des Ökosystems besser einzugrenzen, auch wenn dieser Bereich relativ klein ist.
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Chapter 1
General Introduction
1.1. Gross N2O emission and uptake in soils
Nitrous oxide (N2O) is the third most important anthropogenic greenhouse gas after carbon
dioxide (CO2) and methane, resulting in the radiative forcing of Earth’s climate. It is also a longlived stratospheric ozone-depleting substance with a current atmospheric lifetime of 116 ± 9
years (Prather et al., 2015), which contributes to a global warming potential 298 times greater
than a CO2-equivalent basis (Montzka et al., 2011). The atmospheric N2O concentration has
increased by over 20% from 270 ppb in 1750, to 331 ppb in 2018, with a current rate of increase
estimated at 2% per decade (Tian et al., 2020). In the coming decades, N2O emissions are
predicted to continue to increase due to the growing population with a greater demand for food
(Godfray et al., 2010). Furthermore, the recent growth in N2O emissions exceeds some of the
highest projected emission scenarios (Davidson, 2012), emphasizing the importance to mitigate
N2O emissions. Although the measurements of net N2O flux have been intensively investigated,
there’s little information about gross N2O production and consumption, and their associated
controls in terrestrial ecosystems.
Soils are the predominant sources of N2O emissions, with 6.6 (3.3 – 9.0) Tg N yr-1 from natural
soils and 4.1 (1.7 – 4.8) Tg N yr-1 from agricultural soils (Ciais et al., 2013). Primary sources of
N2O come from processes of microbial denitrification and nitrification, however, the only known
sink of N2O is the final step of denitrification, i.e., the reduction of N2O to N2. Denitrification is
of outstanding importance for closing the nitrogen (N) cycle, and agricultural soils are hotspots
for denitrification, of which rates in agricultural soils are likely to be about one order of
magnitude larger than in natural soils (Butterbach-Bahl and Dannenmann, 2011). However,
simultaneously measuring N2O and N2 is challenging as it is difficult to quantify the N2
production because of its high background concentration in the atmosphere and the high
spatiotemporal variability (Groffman et al., 2006). There are available methods for measuring
9

N2O and N2, like acetylene (C2H2) inhibition and
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N tracer but these methods have their

limitations. For example, the C2H2 inhibition method has been documented by underestimation
of denitrification caused by disturbance of the physical setting of the process while the 15N tracer
technique did not show such bias but appeared relatively limited in their adoption (Groffman et
al., 2006). Additionally, these methods are all predominantly laboratory-based. Given these
weaknesses of measuring denitrification, Yang et al. (2011) proposed the
(15N2O PD) technique, referring to adding
measuring the changes in

14

N2O and

15

15

15

N2O pool dilution

N2O into the intact static chamber headspace and

N2O with time. Currently, this is the only method that

provides much-needed field measurements of gross N2O emission and uptake without intensive
soil disturbance (Wen et al., 2017; Yang and Silver, 2016a; Yang et al., 2011). Nonetheless, this
technique may not capture the total N2 production, like in anaerobic soil microsites (Wen et al.,
2016; Yang et al., 2011) and thus Wen et al. (2016) change the terms ‘gross N2O production’ and
‘gross N2O consumption’ into ‘gross N2O emission’ and ‘gross N2O uptake’, respectively. Gross
N2O emission elucidates that both the N2O emitted from the soil to the atmosphere and the N2O
reduction to N2 within soil pores (Wen et al., 2016). Gross N2O uptake elucidates both reductions
of N2O from the atmosphere diffusing into the soil and within soil pores (Wen et al., 2016). Thus,
their relative flux rates decide the magnitude and direction of net N2O flux at the soil-atmosphere
interface.
Understanding factors driving biogeochemical processes, e.g., denitrification, and their rates over
space and time is critical to quantify the impacts of human activity on the N cycle and to manage
and mitigate the severe environmental problems associated with N pollution (Boyer et al., 2006).
The conceptual model of ‘hole-in-the-pipe’ speculated two levels of controls regulating the
emissions of N2O from the soil to the atmosphere. These were to control the rates of
denitrification and nitrification and to control the proportions between the gaseous end product
of these processes (Firestone and Davidson, 1989). These two processes are primarily regulated
by proximal factors, such as oxygen, N, and C availabilities. Soil moisture and temperature act as
roles of regulating oxygen availability to soil microbes and coupling with the microbial N and C
cycle (Butterbach-Bahl et al., 2013; Davidson et al., 2000). Substantial N2O emissions occur
under the range of 60 – 70% water-filled pore space (WFPS) while N2O emissions tend to be
decreased owing to the formation of N2 instead of N2O when WFPS is higher than 70%
(Davidson et al., 2000). N2O uptake mainly occurs at high WFPS, available C, and low NO310

availability has been proved by many studies (Clayton et al., 1997; Senbayram et al., 2012).
When soil NO3- concentrations are limited atmospheric and/or soil gaseous N2O may be the only
electron acceptor left for denitrification (Rosenkranz et al., 2006). Additionally, distal factors,
like climate, soil type, or microbial community, can also indirectly affect soil N2O production
and consumption through regulating proximal factors. Denitrification is a respiratory microbial
process involving four enzymatically catalyzed reductive steps: nitrate reduction controlled by
nitrate reductases (encoded by narG and napA), nitrite reduction controlled by nitrite reductase
(encoded by the nos gene cluster), nitric oxide reduction controlled by nitric oxide reductase
(encoded by nor gene cluster) and N2O reduction controlled by N2O reductase (encoded by nosZ
gene cluster) (Wallenstein et al., 2006). These functional genes may be affected by management
practices, such as fertilization and land-use change (Hallin et al., 2009; Attard et al., 2011; Ding
et al., 2021), thereby directly or indirectly influencing N2O fluxes in soils. However, most of the
studies are mainly focused on net N2O fluxes by using the static chamber method in the natural
and managed ecosystems. The

15

N2O PD technique is rarely applied in terrestrial ecosystems,

which hinders our understanding of the ecosystem N loss to characterize controls on processes.
1.2. Gross N2O emission and uptake in cropland agroforestry and monoculture
Global anthropogenic N2O emissions, which are dominated by N additions to cropland
monocultures, increased by 30% in the past four decades to 7.3 (4.2–11.4) Tg N yr-1 (Tian et al.,
2020). Mitigating the increasing N2O emissions and contributing to the Paris Agreement goal of
constraining global warming to below 2 ℃ by 2100 the adoption of land-based mitigation
strategies is urgently required. These strategies mostly involve the production of organic matter
by plant photosynthesis coupled with C storage in living biomass and/or soil organic matter
(Paustian et al., 2016). One of the strategies is the agroforestry system which integrates trees and
crops in the same land-use unit and it is a globally practiced strategy for enhancing food
production and ecosystem sustainability, and supplying other forms of long-term ecosystem
services (Ma et al., 2020b). Agroforestry systems can optimize the utilization of light, water, and
nutrients (Tsonkova et al., 2012), enhance C sequestration (Pardon et al., 2017; BaahAcheamfour et al., 2014), conserve biodiversity (Beule et al., 2019a; Bainard et al., 2013),
improve food security (Beule et al., 2019b) and water quality (Wolz et al., 2018a; Wolz et al.,
2018b), and mitigate climate change (Chapman et al., 2020) while maintaining productivity that
11

cropland monocultures do not or minimally provide. Due to the provision of specific economic,
environmental, and social solutions of agroforestry systems, they have become more promising
land-management alternatives compared to conventional intensive cropland monoculture (Zhu et
al., 2019). Although evidence points to decreases in N2O emissions in temperate agroforestry
systems (Wolz et al., 2018a; Amadi et al., 2016; Beaudette et al., 2010), soil-based N2O
mitigation in such ecosystems is at an early stage, especially for accurately quantifying gross
N2O emissions and uptake.
Conversion of cropland monoculture to cropland agroforestry is commonly associated with
changes in soil substrate, soil microbial attributes, and chemical properties (Strickland et al.,
2015; Rivest et al., 2013), which could directly/indirectly affect soil N2O production and
consumption. On the one hand, trees in the cropland are unfertilized as farmers commonly
practiced, which can create microclimates decreasing ambient temperatures and heat stress,
maintaining soil moisture, and supplying leaf litter (Thornton et al., 2017), therefore, likely to
increase N2O consumption. As low temperature and high soil moisture content hamper the
diffusion of N2O into the atmosphere, long residence time coupled with low mineral N (electron
acceptor) and high organic C (electron donor) in soils facilitate N2O reduction to N2. However,
some other studies have found that the lower soil moisture is the limiting factor for lowering N2O
emissions in agroforestry systems by possibly reducing heterotrophic denitrification (Beaudette
et al., 2010; Amadi et al., 2016). The difference in soil moisture in the tree row of agroforestry
systems may be attributed to evapotranspiration. Additionally, the commonly fertilized crop
rows of agroforestry and monoculture lead to high N2O emissions due to the high N input and
low root biomass (Amadi et al., 2017). In addition to soil physical and chemical properties,
agroforestry systems have a positive impact on microbial abundance and diversity (Beule et al.,
2020; Beule et al., 2019a; Banerjee et al., 2016). Beule et al. (2020) reported that tree rows of
agroforestry systems increase soil bacterial, fungal biomass, and denitrifier abundance possibly
due to the high WFPS, indicating a greater genetic potential for denitrification. Similar findings
are also found in agroforestry systems in Alberta (Banerjee et al., 2016). Additionally, the
variation of soil N2O emissions across the agricultural landscape has been well-documented due
to other factors, like topography (Vilain et al., 2010; Izaurralde et al., 2004; Corre et al., 1996),
soil texture (Skiba and Ball, 2002; Corre et al., 1999), and crop types (Liu et al., 2021; Gelfand et
al., 2015; Walter et al., 2015). It is well-known that fine-textured soils favor denitrification and
12

N2O emissions relative to coarse-textured soils (Pelster et al., 2012), whereas Kaiser and
Heinemeyer (1996) have found lower N2O emissions in fine-textured soils due to lower gas
diffusivity that supports N2O reduction. However, there are no available data detailing the spatial
and temporal effects of cropland agroforestry and monoculture on gross N2O emission and
uptake. Therefore, a combination of the relatively new technique i.e.,
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N2O PD and modern

molecular technique applied in agroforestry systems could provide novel insights into making
better management practices in the temperate region on climate change mitigation.
1.3. Gross N2O emission and uptake in contrasting agroforestry systems and at depths
Another form of agroforestry system is riparian buffers located in a transitional area between
terrestrial and aquatic ecosystems and an integral part of the terrestrial-aquatic ecotone
(Baskerville et al., 2021). Some of these riparian buffers are planted with wooded species
because of their economic value. Particularly, short-rotation forestry crops, like poplars and
willow, are commonly planted in riparian zones in many European countries (e.g., Germany,
Sweden) and the United States (Dimitriou et al., 2012; Schmidt-Walter and Lamersdorf, 2012;
Caputo et al., 2014). The primary benefit of these crops is that the farmers can benefit from the
economic value by frequently harvesting woody crops and immediately processing them for
commercial use, and these crops do not commonly require fertilization and provide habitat for
wildlife (Vidon et al., 2019). At the same time, the riparian tree buffers also deliver multiple
ecosystem services, one of which is to decrease nutrient pollution deriving from agricultural
practices (Weller and Baker, 2014). The ecological benefits of riparian tree buffers involve
reducing N loading through plant uptake, favoring microbial denitrification, and enhancing
retention in the soil and groundwater (Hill, 2019; King et al., 2016). Owing to the presence of
shallow groundwater tables and high soil organic matter content in riparian zones, soil
biogeochemical conditions in riparian zones are generally conducive to high N2O emissions at
the soil-atmosphere interface (Davis et al., 2019). However, Fisher et al. (2014) found relatively
high soil organic C (SOC), dissolved organic C, and microbial biomass C in riparian buffers
were in parallel with low N2O emissions, indicating the reduction of N2O to N2. On the other
hand, most denitrifiers are heterotrophic and use organic compounds as energy sources (Gift et
al., 2010). Thus, these environmental factors can significantly affect the microbial activity and
enzymatic pathways impacting N2O emissions (Butterbach-Bahl et al., 2013).
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In contrast, the trees planted in the cropland (i.e. cropland agroforestry) with well-drained soil
are commonly unfertilized (Schmidt et al., 2021) and can capture and recycle subsoil inorganic N
that have leached below the rooting zone of associated crops, resulting in more efficient
interception of leached N (Lang et al., 2019). However, most studies focusing on N2O emissions
in riparian buffers are either surveyed on different types of riparian buffers (Baskerville et al.,
2021) or the comparison of riparian buffers and their adjacent croplands (Fisher et al., 2014;
Figueiredo et al., 2016). Little information is known about how different agroforestry systems
with contrasting inherent soil properties (e.g., SOC, water table) affect gross N2O emissions and
uptake.
Additionally, large evidence points to subsurface N2O production arose from sharp increases in
N2O concentrations with depth (Goldberg and Gebauer, 2009; van Groenigen et al., 2005). For
example, Shcherbak and Robertson (2019) found N2O concentrations below 20 cm up to 900
times those of atmospheric concentrations. Most studies have reported that N2O emissions are
mainly from the top few centimeters where substrate availability and microbial activity are
generally higher (Tian et al., 2016; Yang and Silver, 2016a). However, little is known about the
rates of subsoil N2O fluxes measured in situ, especially for the two co-occurring processes: gross
N2O emission and uptake. Factors regulating gross N2O emissions and uptake are likely colimited by the availability of NO3-, C, and WFPS (Wen et al., 2017; Yang and Silver, 2016a,
2016b), and these three limitations, as well as microbial communities and denitrification gene
abundance, typically change with depth (Liu et al., 2020; Barrett et al., 2016; Tian et al., 2016).
Depth variation in microbial population size including gene abundance of denitrifiers may result
in differential controls on gross N2O emission and uptake in topsoil vs. subsoil horizons.
Therefore, understanding the relationships between environmental factors, the dynamics of soil
microbial communities, denitrification gene abundance, and gross N2O fluxes across different
agroforestry systems and soil depths is crucial to gaining insights into gross N2O emission and
uptake in the context of global climate change.
1.4. Aims and hypothesis
The first study aimed to quantify gross N2O emission and gross N2O uptake in temperate
cropland agroforestry and monoculture systems, and investigate the relationships of gross N2O

14

fluxes with soil controlling factors, including a series of denitrification gene abundance (nirK,
nirS, nosZ clade I, and nosZ clade II) over two growing seasons (2018-2019) at three study sites
on different soils in Germany. We hypothesized that (1) cropland agroforestry will have lower
gross N2O emission and higher gross N2O uptake than monocultures, and (2) this pattern of gross
N2O fluxes will reflect the changes in substrate levels, soil moisture, and temperature conditions
as well as in denitrifier population size.
The second study aimed to compare tree rows of alley cropping with riparian tree buffer on their
influence on gross N2O emission and uptake and to compare two soil depths (0 – 5 cm vs. 40-60
cm) in both agroforestry systems for gross N2O emission and uptake to elucidate the factors
controlling their differences. We hypothesized that riparian tree buffer will have higher gross
N2O emission and uptake than tree row of alley cropping, and topsoil (0 – 5 cm) will have higher
gross N2O emission and uptake than subsoil (40 – 60 cm).
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Key Points:


The tree row in the agroforestry decreased annual gross N2O emission and increased
annual gross N2O uptake compared to monoculture.



Reduced gross N2O emission was directly regulated by mineral N, C availability and
WFPS rather than denitrification gene abundance.



The increased gross N2O uptake in the agroforestry was largely controlled by the low
mineral N–to–CO2-C ratio in the tree row.
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2.1. Abstract
Conversion of monoculture to agroforestry (integrating trees with crops) is promoted as a
promising management in reducing N2O emissions from croplands. How agroforestry influences
gross N2O emission (N2O+N2 from N2O reduction) and uptake (N2O reduced to N2) compared to
monoculture is unknown. We used the 15N2O pool dilution technique to quantify these processes
using soil cores (top 5 cm) incubated in the field with monthly measurements over two growing
seasons (2018–2019) at two sites (each with paired agroforestry and monoculture) and one site
with monoculture only. The unfertilized tree rows showed the lowest gross N2O emissions
(P≤0.002). Although tree rows occupied only 20% in agroforestry, gross N2O emissions tended
to decrease by 6–36% in agroforestry (0.98–1.02 kg N2O-N ha-1 yr-1) compared to monoculture
(1.04–1.59 kg N2O-N ha-1 yr-1). Gross N2O emissions were influenced by soil mineral N, soil
respiration and moisture content rather than by denitrification gene abundance. Soil gross N2O
uptake was highest in the tree row and decreased with distance into crop rows (P=0.012). The
agroforestry tended to increase gross N2O uptake by 27–42% (0.38–0.44 kg N2O-N ha-1 yr-1)
compared to monoculture (0.30–0.31 kg N2O-N ha-1 yr-1). In tree rows, soil gross N2O uptake
correlated with nirK gene abundance which was indirectly influenced by the low mineral N–to–
soil CO2-C ratio. Adjusting the tree and crop areal coverages of agroforestry and optimizing
fertilization can further augment the benefits of agroforestry in reducing emission and increasing
uptake of N2O in soils.
Plain Language Summary
Nitrous oxide (N2O) is a potent greenhouse gas and its largest anthropogenic source is from
nitrogen fertilization in agriculture. Conversion of cropland monoculture to agroforestry
(integrating trees with crops) is one promising mitigation practice to reduce soil N2O emissions
from agriculture. We quantified gross rates of N2O emission (N2O+N2 from N2O reduction) and
uptake (N2O reduced to N2) in the soil to evaluate how agroforestry performs compared to
monoculture. Our findings showed that agroforestry decreased gross N2O emissions and
increased gross N2O uptake. These were due to the absence of nitrogen fertilization and
increased soil respiration (which partly indicated increase in carbon availability to soil microbes)
in the tree row. These findings suggest that if fertilizer inputs are optimized without sacrificing
crop yield or profit, combined with the impact of tree rows on increasing soil N2O uptake,
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agroforestry will be an efficient mitigation strategy to curb N2O emission from croplands. The
benefits of agroforestry in reducing gross N2O emission and increasing gross N2O uptake in soils
should be included in the economic valuation to support its policy implementation and adoption
by farmers.
2.2. Introduction
Nitrous oxide (N2O) is an important ozone-depleting substance and a potent greenhouse gas
(GHG) with 298 times global warming potential relative to CO2 in a 100-year time frame (IPCC,
2014). The main source of N2O is croplands, which occupy about 12% of the Earth’s ice-free
land (Foley et al., 2011). Soil N2O emissions from croplands have increased from 0.3 to 3.3 Tg
N2O-N yr-1 in recent decades (2007 – 2016), accounting for 82% of the global N2O increase
(Tian et al., 2018), as a result of cropland expansion and increased fertilizer use to meet the food
demand of the growing human population (IPCC, 2019). Therefore, meeting the goal of keeping
global warming below 2 ℃ by 2100 requires the adoption of a set of strategies to reduce
detrimental impacts of increasing N fertilizer use in agriculture on the environment (Galloway et
al., 2008).
Agroforestry, i.e. simultaneous cultivation of trees and crops in arable land, is promoted as one
of the promising strategies to mitigate climate change and reduce nutrient leaching losses while
maintaining agricultural productivity (Smith et al., 2013). Modern agroforestry systems in the
temperate zone include alley-cropping systems that alternate rows of trees with rows of crops,
whereby fast-growing trees (e.g. Populus nigra × P. maximowiczii) are used for feedstock of
bioenergy production (Schmidt et al., 2021). These systems have been shown to be profitable
(Langenberg et al., 2018) and deliver ecosystem services such as carbon (C) sequestration (Ma et
al., 2020b; Pardon et al., 2017), biodiversity improvement (Banerjee et al., 2016; Beule and
Karlovsky, 2021), food production and security (Schmidt et al., 2021; Beule et al., 2019b;
Beaudette et al., 2010), and climate mitigation (Chapman et al., 2020; Wolz et al., 2018b). Few
studies in the temperate zone suggest that cropland agroforestry reduces soil N2O emissions
(Amadi et al., 2017; Amadi et al., 2016; Beaudette et al., 2010). These studies, however, focused
mainly on net soil N2O flux (e.g. using the static chamber method), which is the net balance of
the simultaneously occurring processes of gross emission and gross uptake of N2O in soils. Net
N2O flux measurement does not allow us to delve into the mechanisms driving N2O emission
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and uptake. The Intergovernmental Panel on Climate Change has included the net N2O uptake by
soils in the global N2O budget in 2013, showing that this sink is possibly more important than
previously assumed (Chapuis-Lardy et al., 2007). At present, only one-third of studies reported
both N2O and N2 fluxes in the past decades (1975 – 2015) in terrestrial ecosystems (Almaraz et
al., 2020). It is therefore imperative to quantify separately gross N2O production and
consumption for systematic comparison between cropland agroforestry and monoculture to fill
the knowledge gap of field-based quantification of N2O production and consumption in response
to land-use/management change.
Moreover, quantifying the relationships of gross N2O production and consumption with
controlling factors will advance our predictive understanding of the soil N 2O flux dynamics (Sihi
et al., 2020; Yang & Silver, 2016a). The 15N2O pool dilution (15N2O PD) technique enables the
simultaneous measurement of gross N2O fluxes without extensive soil disturbance (e.g., Wen et
al., 2016; Yang et al., 2011). Previous studies that applied this method denoted the terms “gross
N2O production” and “gross N2O consumption” (Yang et al., 2011; Yang & Silver, 2016a,
2016b). Later, however, Wen et al. (2016) had compared the gas-flow soil core method
(Butterbach-Bahl et al., 2002) with the
suggests that while

15

15

N2O PD technique, and their values differed. This

N2O PD method quantifies gross rates of N2O emitted and reduced within

interconnected soil pores, it may have excluded anaerobic microsites (e.g., soil micro spots
saturated with water, isolated pores filled with or enclosed by water, and water-entrapped N2O)
which are not in direct exchange with the soil air (Figure S2.1). Thus, Wen et al. (2016)
proposed to use the terms “gross N2O emission and uptake” when employing the

15

N2O PD

technique, as we used in our present study. So far, gross N2O emission and uptake have only
been investigated in a few land-use systems: temperate forest (Wen et al., 2017), managed
grassland (Yang et al., 2011), cropland and salt marsh landscape ( Yang & Silver, 2016a, 2016b).
Denitrification and nitrification are the main sources of N2O in the soil, while denitrification is
the only known soil-borne sink of N2O (i.e., N2O reduction to N2, catalyzed by N2O reductase
that is encoded by the nos gene cluster) (Chapuis-Lardy et al., 2007; Juhanson et al., 2017).
Previous studies on gross N2O emission and uptake reported that soil mineral N and available C
are the main controls in a forest (Wen et al., 2017) and a fertilized corn cropland (Yang & Silver,
2016b). Soil moisture and temperature regulate gross N2O fluxes through their effects on gas
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diffusion and their redox influence on microbial N and C cycling processes (e.g., ButterbachBahl et al., 2013; Davidson et al., 2000; Müller & Sherlock, 2004). Moreover, soil texture,
management practices associated with crop types or trees (i.e., agroforestry) and climate
influence those small-scale regulating factors by altering available N and C levels, soil moisture,
and microbial community composition (Beule & Karlovsky, 2021; Lang et al., 2019; Mitchell et
al., 2020; Strickland et al., 2015). At our present study sites, agroforestry tree rows reduce wind
speed and result in low evapotranspiration (Kanzler et al., 2019; Markwitz et al., 2020), which
may maintain higher soil moisture compared to cropland monoculture. At the same study sites,
agroforestry tree rows are unfertilized (Beule et al., 2020; Schmidt et al., 2021), and thus have a
low soil mineral N but large N response efficiency due to the trees’ high biomass production
(Schmidt et al., 2021). As opposed to the commonly fertilized crop rows of agroforestry and
monocultures, the high litter inputs in the agroforestry tree rows may lead to a lower mineral N–
to–available C ratio, which favors N2O reduction to N2 (Weier et al., 1993). Also, Beule et al.
(2020) found that tree rows promote the population size of denitrifying microorganisms relative
to monoculture, suggesting a greater potential for complete denitrification (with N2 as the end
product) under the trees as compared to cropland monoculture. At present, there is lacking
quantitative assessment of the relationships among gross N2O fluxes, substrate levels, soil
moisture and temperature conditions, and denitrification gene abundance in response to
management change (i.e., monoculture to agroforestry); such field-based quantitative
relationships may improve biogeochemical models at a large scale.
Our objectives were to: (1) quantify gross N2O emission and gross N2O uptake in cropland
agroforestry and monoculture systems, and (2) assess the relationship of gross N2O fluxes with
soil controlling factors, including a suite of denitrification gene abundance (nirK, nirS, nosZ
clades), during two growing seasons at three sites on different soils in Germany. We
hypothesized that (1) cropland agroforestry will have lower gross N2O emission and higher gross
N2O uptake than monocultures, and (2) this pattern of gross N2O fluxes will reflect the changes
in substrate levels, soil moisture and temperature conditions as well as in denitrifier population
size. Our findings provide support on GHG regulation function for policy implementation of
agroforestry.
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2.3. Materials and Methods
2.3.1. Study sites and experimental design
Our study was conducted at three sites in Germany, of which two sites had paired cropland
agroforestry and monoculture on a loam Calcaric Phaeozem soil (at Dornburg, Thuringia) and a
clay Vertic Cambisol soil (at Wendhausen, Lower Saxony) and one site was a cropland
monoculture on a sandy Arenosol soil (at Vechta, Lower Saxony) (Figure 2.1a; soil
characteristics in Table S2.1). Hereafter, we refer to these study sites by their soil types, based on
FAO World Reference Base soil classification. The cropland agroforestry systems at the two
sites were established by converting cropland monoculture into poplar-based alley cropping
systems. At each site, the crops of the adjacent cropland agroforestry and monoculture were
managed identically (i.e., the same crops, fertilization period and rates, and cultivation and
harvesting methods; Table 2.1), and the monoculture served as the reference land use prior to
agroforestry conversion. The two cropland agroforestry systems were established in 2007 at the
site with a Phaeozem soil and in 2008 at the site with a Cambisol soil. Each agroforestry system
consisted of 12-m wide poplar (poplar clone max 1; Populus nigra × P. maximowiczii) rows
planted by hand from cuttings and 48-m wide crop rows in a north-south orientation, commonly
done to minimize differences in light availability (Pardon et al., 2018; Swieter et al., 2019). The
aboveground tree biomass of the agroforestry systems in the Phaeozem and Cambisol soils was
harvested for biofuel at the beginning of 2015 and 2014 (Table 2.1), respectively. The regrown
poplar trees at these two agroforestry sites were 4 to 5 years old during our study period (from
March 2018 to September 2019). The crop rotations at the three study sites included summer
barley (Hordeum vulgare), winter oilseed rape (Brassica napus), winter wheat (Triticum
aestivum), rye (Secale cereale), corn (Zea mays), and potato (Solanum tuberosum) (Table 2.1).
Fertilization was generally applied in spring to cropland monocultures and agroforestry crop
rows. The agroforestry tree rows were not fertilized, as commonly practiced in temperate
agroforestry systems (Tsonkova et al., 2012; Schmidt et al., 2021).
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Figure 2.1 (a) Locations of the three study sites in Germany. (b) The layout of the experimental
design: ● indicate sampling locations (in the cropland agroforestry, each replicate plot (

) was

sampled at the tree row, 1-m, 7-m, and 24-m distances from the tree row; in the cropland
monoculture, measurements were taken in the center of each replicate plot). (c) Cropland
agroforestry and (d) monoculture at Dornburg in the Phaeozem soil (picture credit: G. Shao).
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Table 2.1
Site Characteristics and Management Practices at Three Sites of Cropland Agroforestry and Cropland Monocultures in Germany
Study site

Dornburg

Wendhausen

Vechta

Soil type

Calcaric Phaeozem

Vertic Cambisol

Arenosol

Location

51°00′40″ N, 11°38′46″ E

52°20′00″ N, 10°37′55″ E

52°45′29″ N, 8°32′5″ E

Long-term (2010-2019)

10.7 ± 0.3 ℃ a

10.7 ± 0.3 ℃ b

10.1 ± 0.1 ℃ c

Study period (2018-2019)

11.5 ± 0.1 ℃ a

11.5 ± 0.1 ℃ b

10.9 ± 0.1 ℃ c

Long-term (2010-2019)

567 ± 32 mm a

587 ± 41 mm b

643 ± 35 mm c

Study period (2018-2019)

450 ± 35 mm a

479 ± 99 mm b

577 ± 157 mm c

Elevation (m above sea level)

289

82
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Year of agroforestry

2007

2008

none

January 2015

January 2014

none

Mean annual air temperature

Mean annual precipitation

establishment
Harvest of the aboveground
tree biomass in the agroforestry
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Crops rotation in
2016-2017-2018-2019

Summer barley-winter oilseed

Winter oilseed rape-

rape-winter wheat-summer barley

winter wheat-winter

Corn-potato-rye-corn

wheat-corn
Sowing and harvest of the
crops
Fertilization rates in 2018 &
2019 (kg N-P-K ha-1 yr-1)

October 2017, July 2018

October 2017, July 2018

October 2017, July 2018

March 2019, July 2019

April 2019, October 2019

April 2019, September 2019

213 - 0 - 0 (2018)

166 - 0 - 116 (2018)

188 - 26 - 108 (2018)

36 - 22 - 31 (2019)

101 - 0 - 0 (2019)

153 - 54 - 62 (2019)

Note. a climate station at Jena (station ID: 2444),

b

Braunschweig (station ID: 662), and

Meteorological Service.
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c

Diepolz (station ID: 963) of the German

Four replicate plots were established at each of the cropland agroforestry and monoculture
systems in the Phaeozem and Cambisol soils, and eight replicate plots were established in the
cropland monoculture in the Arenosol soil. Each replicate plot in the cropland agroforestry
represented a transect spanning from the center of the tree row into the center of the crop row to
capture a spatial gradient induced by the tree rows. Each of these transects had four sampling
locations: at the center of tree row and from the tree row at 1 m, 7 m, and 24 m within the crop
row (Figure 2.1b). In the field, we observed that the fertilizer broadcaster drove at 12 m from the
tree row; the fertilizers were broadcasted for the entire 12 m length at each side, and the
broadcaster turned around for the remaining 24 m crop row to be fertilized. At mid-way (24 m)
of the agroforestry crop row, the fertilizers were broadcasted with about 1 m overlapped, such
that at the middle of this crop row the amount of fertilizers were possibly more than the rest of
the length of the crop row. In the cropland monocultures, measurements were carried out at the
center of each replicate plot (Figure 2.1b). Thus, on each monthly sampling, there were 20
measurements in the Phaeozem and Cambisol soils (4 replicate plots in the agroforestry × 4
sampling locations + 4 replicate plots in the monoculture), and eight measurements in the
Arenosol soil (8 replicate plots in the monoculture).
2.3.2. Measurement of gross N2O emission and uptake
Gross N2O emission and gross N2O uptake were measured monthly from March 2018 to
September 2019 in the field, using the 15N2O pool dilution technique as described by Wen et al.
(2016, 2017) and adapted from Yang et al. (2011). At each of the four sampling locations per
replicate plot of the agroforestry or at each replicate plot in the monoculture systems, four intact
250-cm3 soil cores of the top 5-cm depth were collected and placed in an air-tight chamber (glass
desiccator of 6.6 L volume), equipped with a Luer-lock stopcock on the lid (Figure S2.2), for
immediate incubation in the field. We injected 7 ml of

15

N2O label gas into the chamber

headspace, which was composed of 100 ppmv of 98% single labeled

15

N-N2O, 275 ppbv sulfur

hexafluoride (SF6, as a tracer for possible physical loss of gases from the chamber headspace)
and balanced with synthetic air (Westfalen AG, Münster, Germany). This label gas resulted in
initial headspace concentrations of approximately 125 ppbv N2O with 13.2%

15

N initial

enrichment and 344 pptv SF6. Based on conservative calculations, the diffusion of labeled 15N2O
through the 5 cm long soil cores shows that the labeled
38

15

N2O diffuses into the soil and back to

the headspace within 0.5 h (Wen et al., 2016). Thus, our sampling of the chamber headspace at
0.5 h and thereafter hourly during a 3-hour in-situ incubation was sufficient to allow a
homogeneous mixture of

15

N2O with soil-derived N2O. At 0.5 h, 1 h, 2 h, and 3 h in-situ

incubation, gas samples of 100 ml and 23 ml were taken from the chamber headspace and
injected respectively into a pre-evacuated 100-ml glass bottle and 12-ml glass vial (Exetainer;
Labco Limited, Lampeter, UK) with rubber septa (Figure S2.2). To maintain the headspace at
atmospheric pressure and oxygen concentration, the sampled air volume at each time was
replaced by a 123 ml gas mixture of 80% helium and 20% oxygen (v/v) so as not to change the
15

N-N2O isotope composition in the headspace (Wen et al., 2016, 2017). The dilution caused by

this replacement was accounted for in the calculations. The 100-ml gas samples were analyzed
for isotopic composition using an isotope ratio mass spectrometer (Finnigan Deltaplus XP,
Thermo Electron Corporation, Bremen, Germany). The 23-ml gas samples were analyzed for
N2O and SF6 concentrations, using a gas chromatograph (SRI 8610C, SRI Instruments Europe
GmbH, Bad Honnef, Germany) with an electron capture detector (and a make-up gas of 5%
CO2-95% N2, 5.0 purity grade), as well as for CO2 concentrations using the same gas
chromatograph but with a methanizer and flame ionization detector. During each in-situ
incubation, air temperature and pressure were measured as well as ambient air samples were
taken (23 ml for determination of ambient N2O concentration and 100 ml for analysis of natural
abundance

15

N2O signatures) to be used for the gross N2O flux calculations. Atmospheric N2O

concentration was 345.9 ± 0.5 ppbv and

15

N natural abundance was 0.3691 ± 0.0001 atom%

across the three sites over the 1.5-year measurement period. Details on the principles and
calculations of gross N2O emission and uptake were given in our earlier works (Wen et al., 2016,
2017). Net soil N2O and CO2 fluxes were calculated from the linear increase of their
concentrations during the incubation period and adjusted with the measured air temperature and
pressure (e.g., Matson et al., 2017).
Gross N2O, net N2O, and soil CO2 fluxes were expressed on the dry mass of intact soil cores,
determined from the concurrently measured gravimetric moisture content (see Section 2.3).
Annual soil gross N2O fluxes from each sampling location at each replicate plot were calculated
by trapezoidal interpolation between fluxes and sampling day intervals from March 2018 to
February 2019 (e.g., Koehler et al., 2009; Matson et al., 2017; Veldkamp et al., 2013). The
annual fluxes were converted from mass-basis to area-basis for the top 5-cm depth, using the
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measured soil bulk density (see Section 2.3), which was averaged for each site (1.0 g cm -3 for the
Phaeozem and Cambisol soils, and 1.3 g cm-3 for the Arenosol soil).
For the agroforestry system as a whole, gross N2O fluxes at each replicate plot were weighted by
the areal coverages of the tree row and the crop row sampling locations. The weighting factors
were calculated by considering half of the widths of the tree row (6 m) and the crop row (24 m),
totaling to 30 m, since these alternating tree and crop rows indicated that half of their widths
represented each side of the rows (Figure 1b). Considering the 1-m width overlap of the fertilizer
broadcaster at 24 m (see above), we calculated the overall values for agroforestry in two ways.
First, only considering the weighting factors of the tree row (0.2, for 6 m/30 m), 1 m (0.13, for 4
m/30 m), and 7 m (0.67, for 20 m/30 m). Second, we included the 24 m using a weighting factor
of 0.07 (for 2 m/30 m) and adjusting the weighting factor of the 7 m to 0.6 (for 18 m/30 m). This
weighting factor of 24 m was derived by a 1-m increment adjustment between the 7 m and 24 m,
and we found that the statistical results did not change regardless of the adjusted weighting
factors between these two sampling locations.
2.3.3. Soil controlling factors
Following the measurement of the gross N2O fluxes, soil controlling factors (temperature, WFPS,
NO3-, ammonium [NH4+] and denitrification genes nirK, nirS, nosZ clade I and Ⅱ, see section
2.3.4) were all determined from the soil cores on each sampling day. Additionally, microbial
biomass C and N were measured at a quarterly interval from the soil cores following gross N2O
flux measurements. The gravimetric moisture content (oven-drying soil sample at 105 ºC for 1
day) was expressed in WFPS using the average bulk density (determined from one of the four
soil cores used for the monthly measurements of gross N2O fluxes) for each soil type (or site)
and the mineral soil particle density of 2.65 g cm-3. The remaining three soil cores were pooled,
mixed thoroughly in the field and a subsample was immediately put into a pre-weighed
extraction bottle containing 150 ml 0.5 M K2SO4 for the determination of extractable mineral N.
Additionally, a subsample of approximately 20 g soil was directly transferred to a sterile 15-ml
polypropylene Falcon tube and frozen at -20 ℃ in the field for DNA extraction and
quantification of denitrification genes (see section 2.4). Upon arrival at the laboratory, extraction
bottles were shaken for 1 h, filtered and the extracts were frozen immediately until further
analysis. Microbial biomass C and N were determined using the chloroform fumigation40

extraction method (Brookes et al., 1985) by fumigating about 20 g fresh soil for 5 days, followed
by extraction with 100 ml 0.5 M K2SO4. The dry mass of the extracted fresh soils as well as the
fumigated soils was calculated using the concurrently measured gravimetric moisture content.
Microbial biomass C and N were calculated as the difference in the extractable C and total
extractable N between the paired fumigated and un-fumigated soils divided by kC and kN factors
of 0.45 and 0.68, respectively (Shen et al., 1984). Extractable organic C concentration was
measured using ultraviolet-enhanced persulfate oxidation using a Total Organic Carbon Analyzer
(TOC-Vwp, Shimadzu Europa GmbH, Duisburg, Germany). The extractable mineral N (NH4+,
NO3-) and total extractable N concentrations were analyzed using continuous flow injection
colorimetry (SEAL Analytical AA3, SEAL Analytical GmbH, Norderstedt, Germany), where
NH4+ was determined by salicylate and dichloroisocyanuric acid reaction, NO3- by cadmium
reduction method with NH4Cl buffer and total extractable N by ultraviolet-persulfate digestion
followed by hydrazine sulfate reduction.
General soil characteristics in the top 30 cm (pH, total N, organic C, effective cation exchange
capacity, base saturation, and clay content) were determined using standard methods as described
in our previous work (Schmidt et al., 2021; Table S2.1).
2.3.4. Quantification of denitrification genes in soil
Denitrification genes were quantified in the Phaeozem and Cambisol soils from the soil samples
frozen right at the field following gross N2O flux measurement. Frozen soils were freeze-dried
for 72 h and subsequently homogenized using a swing mill (MM400, Retsch, Haan, Germany) at
25 Hz for 1 minute. Soil DNA was extracted from 50 mg finely ground freeze-dried soil, using a
modified protocol of Brandfass and Karlovsky (2008), as described previously (Beule et al.,
2019a). Briefly, the soil was suspended in 1 ml cetyltrimethylammonium bromide buffer with
proteinase K. The mixture was incubated at 42 °C and subsequently at 65°C for 10 minutes each,
and 800 µl phenol was added. The mixture was shaken, centrifuged and the supernatant was
extracted twice with chloroform/isoamylalcohol. DNA from the obtained supernatant was
precipitated using polyethylene glycol/NaCl, pelleted using centrifugation, washed twice with 80%
(w/v) EtOH and dried using a vacuum centrifuge. The dried pellets were re-suspended in 50 µl
TE buffer (10 mM Tris/HCl, 1 mM EDTA, pH 8.0). Extraction success was verified on agarose
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gels. Soil DNA extracts were tested for PCR inhibitors as described previously (Guerra et al.,
2020) and diluted in 1:50 double-distilled H2O to overcome inhibitory effects on PCR.
Nitrite (NO2-) reductase (nirK and nirS) and N2O reductase genes (nosZ clade I and II) were
quantified using real-time PCR (qPCR), as described previously (Beule et al., 2019a). Briefly,
denitrification genes were amplified from diluted soil DNA extracts in a CFX 384 Thermocycler
(Biorad, Rüdigheim, Germany) using 4 µl reaction volume. The reaction volume contained
Standard Taq Reaction Buffer (New England Biolabs, Beverly, Massachusetts, USA; 10 mM
Tris-HCl, 50 mM KCl, 1.5 mM MgCl2, pH 8.3 at 25°C) adjusted to different final concentrations
of MgCl2 (Table S2.2), 100 µM of each deoxyribonucleoside triphosphate, 0.5 or 1.0 µM of each
primer (Table S2.2), 1 µg/µl bovine serum albumin, 0.03 u/µl Hot Start Taq DNA Polymerase
(New England Biolabs, Beverly, Massachusetts, USA), 0.1 × SYBR Green I solution (Invitrogen,
Karlsruhe, Germany) and 1 µl template DNA or in double-distilled H2O for negative controls.
Primer choice and thermocycling conditions are listed in Table S2.3.
2.3.5. Statistical analysis
First, we tested each parameter for normal distribution using Shapiro-Wilk's test and for equality
of variance using Levene's test. Parameters with non-normal distribution or unequal variances
were either logarithmically (i.e., soil respiration, total mineral N [sum of NO3- and NH4+], nirK,
nirS, nosZ clade Ⅰ, and Ⅱ) or cube-root transformed (i.e., gross N2O emission, gross N2O uptake,
and microbial biomass N). Linear mixed effect (LME) models were used to assess the
differences between agroforestry and monocultures at each site with management system as
fixed effect or the differences among cropland monocultures with soil type as fixed effect;
sampling day and replicate plot were considered as random effects (Crawley, 2007). These LME
models were extended to include either (1) a variance function (varIdent) that allow variance
heteroscedasticity of the fixed effect, and/or (2) a first-order temporal autoregressive function
that assumes decreasing auto-correlation between sampling days with increasing time difference
(Zuur et al., 2009) if this improved the relative goodness of the model fit based on the Akaike
information criterion. To evaluate the differences in gross rates of N2O fluxes between the
agroforestry as a whole and the monoculture, the agroforestry was weighted by the areal
coverage of the agroforestry sampling locations and LME was conducted as above.
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To assess the temporal relationships between concurrently measured soil gross N2O fluxes and
soil variables, we carried out a stepwise analysis: first within each management system at each
site, and then across management systems and sites when the relationships were similar. We used
the average of the four (for Phaeozem and Cambisol soils) or eight plots (Arenosol soil) on each
monthly measurement and conducted Pearson correlation as well as regression analyses over the
entire measurement period. The 95% confidence interval of the regression parameters is
provided for an estimate of dispersion. Across sites, the total number of observations (n) was 167;
the Phaeozem soil had n = 75 (i.e., 15 monthly measurements × 4 sampling locations in the
agroforestry + 15 monthly measurements in monoculture), the Cambisol soil had n = 80 (i.e., 16
monthly measurements × 4 sampling locations in the agroforestry + 16 monthly measurements in
monoculture), and the Arenosol soil had n = 12 (12 monthly measurements in monoculture). For
the denitrification genes, these were measured in the Phaeozem and Cambisol soils, and hence n
= 155. The combined effects of soil variables (which are not auto-correlated based on Pearson
correlation tests) on gross N2O fluxes were assessed using a stepwise multiple regression with
forward variable selection. We conducted this multiple regression analysis separately for
agroforestry and monoculture systems, with the purpose that such regression relationships may
be useful in adapting predictive models for similar temperate land-use management. All
statistical tests were considered significant at P ≤ 0.05. We conducted all statistical analyses
using R version 3.6.3 (R Core Team, 2019).
2.4. Results
2.4.1. Gross N2O fluxes
Peaks of gross N2O emissions in crop rows of agroforestry and monoculture (Figure 2.2a-c)
corresponded to the periods of fertilization in spring when WFPS was high (Figure S2.3a-c) and
soil temperature was increasing (Figure S2.3d-f). Gross N2O emissions from the agroforestry
were lower in the tree row than in the crop row in both Phaeozem and Cambisol soils (P ≤ 0.002;
Table 2.2). Despite slight decreases in gross N2O emissions in agroforestry as a whole (areaweighted by the tree and crop rows), these did not differ from the monocultures (P ≥ 0.15; Table
2.2). Among the cropland monocultures, the clay Cambisol soils had larger gross N2O emissions
than the sandy Arenosol soil (P = 0.006; Table 2.2).
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On the other hand, no clear seasonal pattern of gross N2O uptake was observed at our sites
(Figure 2.2d-f). Gross N2O uptake was higher in the tree row than in the center of the crop row in
the Phaeozem soil (P = 0.012; Table 2.2), and the entire agroforestry showed higher N2O uptake
than the monoculture (P = 0.046; Table 2.2). This pattern was not statistically significant in the
Cambisol soil (P = 0.31; Table 2.2).
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Figure 2.2 Mean (±SE, n = 4 plots for the Phaeozem and Cambisol soils, n = 8 plots for the Arenosol soil) gross rates of soil N2O
emission (upper panels, a, b, c) and uptake (lower panels, d, e, f), measured monthly in the top 5-cm depth using 15N2O pool dilution
technique at three sites of cropland agroforestry and cropland monocultures in Germany. Agroforestry tree row (○) and crop row
(area-weighted average of the 1-m, 7-m, and 24-m sampling locations, ▲); monoculture (■). The site with an Arenosol soil was a
cropland monoculture during the measurement period. June and July 2018 were extremely dry months, during which intact soil cores
cannot be collected. Red dotted lines indicate harvest and blue dotted lines indicate sowing; gray shadings indicate frozen soil during
winter when intact soil cores cannot be collected; red arrows indicate fertilizer applications in the agroforestry crop row (tree rows are
commonly not fertilized) and the monocultures (fertilization rates are in Table 2.1).
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Table 2.2
Mean (±SE, n = 4 Plots for the Phaeozem and Cambisol Soils, n = 8 Plots for the Arenosol Soil) and Annual Gross Rates of Soil N2O
Emission and Uptake across Monthly Measurements from March 2018 to September 2019 in the Top 5-cm Depth, Measured using
15

N2O Pool Dilution Technique, at Three Sites of Cropland Agroforestry and Cropland Monocultures in Germany
Gross N2O
Management

Soil type (Site)
system

emission
(µg N kg-1 h-1)

Gross N2O

Annual gross

uptake

N2O emission

(µg N kg-1 h-1)

(kg N ha-1 yr-1)

Annual gross N2O
uptake
(kg N ha-1 yr-1)

Phaeozem

Tree row

0.15 ± 0.02b

0.10 ± 0.02a

0.54 ± 0.05

0.38 ± 0.04

(Dornburg;
2018 – Wheat;
2019 – Barley)

1 m crop row

0.21 ± 0.06b

0.09 ± 0.02ab

0.98 ± 0.27

0.37 ± 0.06

7 m crop row

0.27 ± 0.07ab

0.11 ± 0.03ab

1.17 ± 0.15

0.48 ± 0.10

24 m crop row

0.46 ± 0.12a

0.07 ± 0.02b

2.22 ± 0.39

0.27 ± 0.03

0.24 ± 0.05A

0.10 ± 0.02A

1.02 ± 0.08

0.44 ± 0.06

(0.25 ± 0.05A)

(0.10 ± 0.02A)

(1.09 ± 0.07 )

(0.43 ± 0.06)

0.33 ± 0.16abA

0.08 ± 0.02abB

1.59 ± 0.26

0.31 ± 0.02

Agroforestry

Monoculture
Cambisol

Tree row

0.11 ± 0.01b

0.08 ± 0.01a

0.53 ± 0.07

0.38 ± 0.05

(Wendhausen;
2018 – Wheat;

1 m crop row

0.31 ± 0.05a

0.09 ± 0.00a

1.42 ± 0.46

0.38 ± 0.03
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2019 – Corn)

7 m crop row

0.33 ± 0.03a

0.09 ± 0.01a

0.99 ± 0.04

0.38 ± 0.03

24 m crop row

0.40 ± 0.06a

0.11 ± 0.01a

1.34 ± 0.09

0.42 ± 0.05

0.27 ± 0.08A

0.08 ± 0.01A

0.96 ± 0.06

0.38 ± 0.02

(0.28 ± 0.08A)

(0.09 ± 0.01A)

(0.98 ± 0.05)

(0.39 ± 0.02)

Monoculture

0.42 ± 0.16aA

0.09 ± 0.01aA

1.04 ± 0.15

0.30 ± 0.03

Monoculture

0.21 ± 0.08

0.07 ± 0.02

0.63 ± 0.08

0.30 ± 0.02

Agroforestry

Arenosol (Vechta)

Note. For each site, means with different lowercase letters indicate significant differences between the monoculture and sampling
locations within the agroforestry (linear mixed effect models with Fisher’s least significant difference test at P ≤ 0.05). The different
uppercase letters indicate significant differences between the monoculture and agroforestry as a whole, weighted by the areal coverage
of the tree row and crop row sampling locations (linear mixed effect models with Fisher’s least significant difference test at P ≤ 0.05).
For agroforestry, the first values are area-weighted by the tree row, and at 1 m and 7 m distances from the tree row; the second values
in parenthesis include the 24 m distance in area-weighting (see section 2.3.2). The site with the Arenosol soil was a cropland
monoculture during the measurement period. Annual fluxes from March 2018 to February 2019 were not tested statistically for
differences between agroforestry and monoculture since these values are trapezoidal extrapolations. Annual fluxes on mass-basis were
converted into area-basis using the averaged soil bulk density in the top 5 cm measured at each site.
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2.4.2. Soil variables
In the loam Phaeozem and clay Cambisol soils, WFPS was highest in the tree rows, followed by
the crop rows and lowest in the monocultures (P ≤ 0.003; Table 2.3). At these sites, WFPS
ranged from 21 to 67 % during spring, from 22 to 45 % during summer, and from 23 to 65 %
during fall (Figure S2.3a-b). The monoculture in the sandy Arenosol soil had the lowest WFPS
(P < 0.001; Table 2.3), ranging from 19 to 46 % during spring, 18 to 23 % during summer, and
26 to 30 % during fall (Figure S2.3c). Soil temperature neither differed between management
systems nor among sites, ranged from 7.1 to 25.2 ºC during spring, from 15.7 to 29.2 ºC during
summer, and from -0.5 to 18.6 ºC during fall (Figure S2.3d-f). In the Phaeozem and Cambisol
soils, soil respiration showed a similar seasonal pattern as the WFPS and temperature (Figure
S2.3g-i). Soil respiration was larger in the tree rows than in the crop rows and monocultures (P ≤
0.014; Table 2.3) whereas mineral N showed the converse pattern (P ≤ 0.011; Table 2.3). Ratios
of mineral N–to–soil CO2-C in the Phaeozem and Cambisol soils, respectively, were: 4 ± 0 and 8
± 1 in the agroforestry tree rows, 38 ± 1 and 112 ± 20 in the crop rows, and 101 ± 19 and 147 ±
28 in the monoculture. In the Phaeozem and Cambisol soils, microbial biomass C and N
decreased with increasing distance from the tree row into the crop row (P ≤ 0.048; Table 2.3)
whereas the monocultures showed intermediate values (P ≥ 0.68). The monoculture in Arenosol
soil had the lowest microbial biomass C and N (P < 0.001; Table 2.3).
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Table 2.3
Mean (±SE, n = 4 Plots for the Phaeozem and Cambisol Soils, n = 8 Plots for the Arenosol Soil) Water Content, Soil Respiration,
Mineral N, Microbial Biomass N and C across Monthly Measurements from March 2018 to September 2019 in the Top 5-cm Depth at
Three Sites of Cropland Agroforestry and Cropland Monocultures in Germany
Soil type
(site)

Management

Water-filled

Soil respiration

system

pore space

(mg CO2-C kg-1 h-1)

Total

Microbial

Microbial

mineral N

biomass N

biomass C

(mg kg-1)

(mg kg-1)

(mg kg-1)

(%)
Phaeozem
(Dornburg)

Agroforestry
Tree row

47 ± 4a

1.3 ± 0.2a

4 ± 1d

91 ± 9a

573 ± 39a

1 m crop row

42 ± 3a

0.9 ± 0.1bc

12 ± 3c

66 ± 8bc

492 ± 49ab

7 m crop row

42 ± 2a

1.1 ± 0.2ab

24 ± 8bc

69 ± 7ab

474 ± 36b

24 m crop row

42 ± 2a

1.0 ± 0.2ab

63 ± 22a

54 ± 16c

377 ± 37c

34 ± 2b

0.6 ± 0.1c

38 ± 14ab

81 ± 6ab

565 ± 29a

Tree row

47 ± 3a

0.7 ± 0.1a

4 ± 1b

108 ± 8a

570 ± 110a

1 m crop row

41 ± 2b

0.5 ± 0.1b

30 ± 7a

106 ± 29ab

448 ± 51ab

Monoculture
Cambisol
(Wendhausen)

Agroforestry
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Arenosol

7 m crop row

40 ± 2b

0.5 ± 0.1b

42 ± 12a

64 ± 16b

372 ± 53b

24 m crop row

41 ± 2b

0.5 ± 0.1b

39 ± 11a

74 ± 14ab

352 ± 74b

Monoculture

35 ± 2c

0.4 ± 0.1b

42 ± 12a

75 ± 23ab

311 ± 53b

Monoculture

30 ± 3

0.7 ± 0.2

29 ± 14

33 ± 7

217 ± 22

(Vechta)
Note. For each site, means with different lowercase letters indicate significant differences between the monoculture and sampling
locations within the agroforestry (linear mixed effect models with Fisher’s least significant difference test at P ≤ 0.05).
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2.4.3. Denitrification gene abundance
Among the denitrification genes, nirK (encoding for NO2- reductase) was the most abundant. The
abundance of nirK gene decreased with increasing distance from the tree row into the crop row
of the agroforestry systems and was lowest in the monoculture systems (P ≤ 0.013; Table 2.4).
The abundance of nirS gene (encoding for NO2- reductase) followed a similar spatial pattern as
nirK among sampling locations (P ≤ 0.004; Table 2.4). The abundance of nosZ clade I gene
(encoding for N2O reductase) was comparable between the agroforestry and monoculture in the
Phaeozem soil (Table 2.4). In the Cambisol soil, nosZ clade I gene abundance was higher in the
tree row than in the crop row of the agroforestry (P < 0.001; Table 2.4) but comparable to the
cropland monoculture (P = 0.07; Table 2.4). The abundance of nosZ clade Ⅱ gene (encoding for
N2O reductase) did not differ among sampling locations in the Phaeozem and Cambisol soils (P
≥ 0.13; Table 2.4).
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Table 2.4
Mean (±SE, n = 4 Plots for the Phaeozem and Cambisol Soils, n = 8 Plots for the Arenosol Soil) Denitrification Gene Abundances
(NirK, NirS, NosZ Clade I, NosZ Clade II) across Monthly Measurements from March 2018 to September 2019 in the Top 5-cm Depth
at Three Sites of Cropland Agroforestry and Cropland Monocultures in Germany
Soil type

Management

(site)

system

Phaeozem

Agroforestry

(Dornburg)

(Wendhausen)

nirS

nosZ clade I

nosZ clade II

(1×108 gene copy number g-1 dry soil)

Tree row

15.8 ± 2.4a

0.9 ± 0.1a

1.3 ± 0.2a

2.4 ± 0.4a

1 m crop row

10.8 ± 1.2b

1.6 ± 0.5a

0.9 ± 0.1a

2.7 ± 0.3a

7 m crop row

11.1 ± 1.4b

0.7 ± 0.1ab

1.0 ± 0.1a

2.6 ± 0.3a

24 m crop row

10.5 ± 1.7b

0.6 ± 0.1b

1.0 ± 0.2a

2.5 ± 0.3a

9.4 ± 1.2b

0.6 ± 0.1ab

1.2 ± 0.2a

2.1 ± 0.2a

Tree row

10.9 ± 1.9a

1.1 ± 0.2a

2.3 ± 0.4a

1.5 ± 0.3a

1 m crop row

4.7 ± 0.7b

0.7 ± 0.1b

1.3 ± 0.2bc

1.1 ± 0.2a

7 m crop row

4.3 ± 1.0b

0.6 ± 0.1b

1.3 ± 0.2c

1.1 ± 0.2a

Monoculture
Cambisol

nirK

Agroforestry
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24 m crop row
Monoculture

4.2 ± 0.7b

0.6 ± 0.1b

1.2 ± 0.2c

0.9 ± 0.2a

3.9 ± 0.6b

0.5 ± 0.1b

1.7 ± 0.2ab

0.9 ± 0.1a

Note. For each site, means with different lowercase letters indicate significant differences between the monoculture and sampling
locations within the agroforestry (linear mixed effect models with Fisher’s least significant difference test at P ≤ 0.05).
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2.4.4. Temporal relationships between gross N2O fluxes and soil factors
Gross N2O emissions rather than gross N2O uptake strongly determined net N2O flux either
across the three study sites (Figure 2.3a) or separately for each management system (Table 2.5).
Across sites, gross N2O emissions were influenced by total mineral N (Figure 2.3b) and soil
respiration (Table S2.4). Although soil temperature showed a correlation with gross N2O
emissions, this was not solely by temperature but also by its auto-correlation with total mineral N
and soil respiration (Table S2.4). Considering the variables that were not auto-correlated with
each other (Table S2.4), the best predictive relationships for gross N2O emissions from the
agroforestry were total mineral N and soil respiration. Separating between the tree and crop rows
of the agroforestry, total mineral N was the best predictor (or the limiting factor) for gross N 2O
emissions from tree rows whereas both total mineral N and WFPS regulated the gross N2O
emissions from the crop rows (Table 2.5). For the monocultures, total mineral N, available C
(which was lowest in monocultures; Table 2.3), and WFPS regulated the gross N2O emissions
(Table 2.5). We did not detect any significant correlations between gross N2O emissions and the
denitrification gene abundance.
On the other hand, there were no significant correlations between gross N2O uptake and any of
the measured soil variables either across sites or separately for agroforestry and monoculture
systems. However, considering only the tree rows of the agroforestry, gross N2O uptake was
correlated with nirK gene abundance (Figure 2.3c), which was also linked with the nosZ clade II
gene abundance (Pearson’s r = 0.62, P < 0.001, n = 31). The nosZ clade II gene abundance was
negatively correlated to mineral N–to–soil CO2-C ratio, particularly when ratios were less than
10 (Figure 2.3d).
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Figure 2.3 Cropland agroforestry and monocultures over 1.5 years of measurements: regression
(parameter estimates ± 95% confidence interval) of gross N2O emission with net N2O flux (a)
and total mineral N (b) across three sites. Agroforestry tree rows over 1.5 years of measurements:
regressions between gross N2O uptake and nirK gene abundance (c), and between nosZ clade II
gene abundance and mineral N–to–soil CO2-C ratio (d, including only ratios <10). Each data
point is a monthly mean of four (in Phaeozem and Cambisol soils) or eight replicate plots (in
Arenosol soil). Tree row (●), crop row (1-m, 7-m, 24-m sampling locations, ▲), monoculture
(■), Phaeozem soil (●), Cambisol soil (●), Arenosol soil (●).
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Table 2.5
Multiple Regressions between Gross N2O Emission and Soil Factors (which are not auto-correlated with each other) separately for
Cropland Agroforestry and Monoculture, and the Relationships between Gross and Net N2O Fluxes
Management

n

Regression equations

P value

R2

124

Gross N2O emission = 0.004 × total mineral N + 0.132 × soil respiration + 0.072

< 0.001

0.32

Tree row

31

Gross N2O emission = 0.017 × total mineral N + 0.056

0.002

0.28

Crop row

93

Gross N2O emission = 0.004 × total mineral N + 0.009 × WFPS – 0.159

< 0.001

0.26

Monoculture

43

Gross N2O emission = 0.006 × total mineral N + 0.019 × WFPS + 0.271 × soil

< 0.001

0.49

systems
Agroforestry

respiration – 0.677
Between gross and net N2O fluxes
Agroforestry

124

Gross N2O emission = 1.048 × net N2O flux + 0.143

< 0.001

0.96

Tree row

31

Gross N2O emission = 1.473 × net N2O flux + 0.143

< 0.001

0.34

Crop row

93

Gross N2O emission = 1.045 × net N2O flux + 0.146

< 0.001

0.97

Monoculture

43

Gross N2O emission = 1.103 × net N2O flux + 0.125

< 0.001

0.99
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2.5. Discussion
2.5.1. Gross N2O emissions
To date, gross N2O fluxes had not yet been systematically compared between cropland
agroforestry and monoculture, and our study uniquely linked gross N2O fluxes with
denitrification gene abundance in addition to the commonly measured soil controlling factors.
In the agroforestry tree rows, the high WFPS (Table 2.3), high abundance of denitrification
genes (Table 2.4) and low mineral N–to–soil CO2-C ratio would have favored enhanced gross
N2O emission (Yang & Silver, 2016a). The latter, i.e., low mineral N–to–soil CO2-C ratio (of
which heterotrophic respiration from available C can account for 70%–85%; Chen et al.,
2019; van Straaten et al., 2011; Zhang et al., 2013), favors for N2O-to-N2 reduction during
high WFPS conditions (Weier et al., 1993); this last step of the denitrification process is
included in the quantification of gross N2O emission by

15

N2O PD technique (Wen et al.,

2016). Thus, the low gross N2O emissions from the agroforestry tree rows (Table 2.2)
indicated the overriding influence of its low mineral N levels (Table 2.3). Indeed, in the
agroforestry tree rows, the only soil factor correlating with gross N2O emissions was mineral
N (Table 2.5), suggesting that this substrate as electron acceptor limited the production of
N2O rather than the electron donor (as reflected by the high soil CO2 that partly includes
heterotrophic respiration of available C as well as by the high microbial C in the tree row;
Table 2.3). Similar findings were reported for beech and spruce stands in Germany, whereby
NO3- levels predominantly regulate soil gross N2O emissions (Wen et al., 2017). In contrast,
the larger gross N2O emissions from the crop rows were mirrored with their larger ratios of
mineral N–to–soil CO2-C while WFPS remained high (Table 2.3); this signified the
secondary control of WFPS once N availability was increased by fertilization at the crop row
(Table 2.5). At our study sites, the high WFPS in the agroforestry (Table 2.3) has been
attributed to the reduction of wind speed by trees (Kanzler et al., 2019; Swieter et al., 2019)
and thereby lowering evapotranspiration (Markwitz et al., 2020).
Across agroforestry tree and crop rows at two sites, the positive relationship of gross N2O
emissions with mineral N (Tables 2.5 and S2.4) reflected their similar patterns from the tree
to the crop rows (Tables 2.2 and 2.3). The positive relationship of gross N2O emissions with
soil CO2 largely depicted the parallel patterns of these variables between these two sites
(Phaeozem > Cambisol; Tables 2.2 and 2.3). The effect of soil temperature was only indirect
in that it was auto-correlated with mineral N and soil respiration (Table S2.4). For example,
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soil temperature increased from spring, when fertilization occurred (Figure S2.3d and S2.3e),
to summer and decreased towards fall, which also reflected the seasonal pattern of soil
respiration (Figure S2.3g and S2.3h). Altogether, the benefit of agroforestry tree rows in
controlling gross N2O emission was largely on reduced electron acceptor (mineral N) relative
to electron donor (as reflected partly by the soil CO2 and microbial C), since WFPS and
denitrification gene abundance were favorably large in the tree rows (Tables 2.3 and 2.4; see
Section 2.5.2).
In cropland monocultures, the temporal variations of gross N2O emissions were mirrored
with seasonal changes in substrate availability and soil aeration (Table 2.5). The pulse N2O
emissions following one-time N fertilization to corn during spring (Figure 2.2b and 2.2c)
with high WFPS and temperature (Figure S2.3b and S2.3c, S2.3e and S2.3f) may be
attributed to low N uptake of corn seedlings at the start of the growing season; indeed, soil
mineral N in spring was higher than in summer when N uptake was probably substantial as
the corn grew. Yang and Silver (2016b) reported for corn cropland that plant uptake of N
indirectly regulates gross N2O emission. When our studied croplands had winter wheat and
spring N fertilization was staggered (split in 2-3 applications; Figure 2.2a and 2.2b), the
pulses of gross N2O emissions were not as high as those when the crop was corn, possibly
because winter wheat had an early growth start that stimulated N uptake in spring. When the
crop was barley, spring N fertilization rate was the lowest (Table 2.1), and gross N2O
emissions in spring were not as high as those in the above crops (Figure 2.2a). These
fertilization practices, as practiced by farmers for these crops, reflected the pattern of soil
mineral N levels at these sites. Moreover, the influence of soil respiration on gross N2O
emissions from monocultures (Table 2.5) was exhibited through its similarity in seasonal
patterns with soil temperature (Figure S2.3d-S2.3i), indicating soil CO2-C increased from
spring to summer and decreased towards fall. The regulation of WFPS on gross N2O
emissions from monocultures (Table 2.5) was related to the differences in soil textures of our
study sites (Table S2.1) with the fine-textured soils (Phaeozem and Cambisol) exhibiting
larger WFPS than the sandy Arenosol soil (Table 2.3 and Figure S2.3a-S2.3c). It should also
be noted that 2018 had a lower precipitation than the 10-year average (Table 2.1), and the
monoculture (without the wind reduction from trees as that in agroforestry; Markwitz et al.,
2020) had the lowest WFPS (Table 2.3 and Figure S2.3a-S2.3c); this may have a dampening
effect on gross N2O emission as otherwise may occur in years with normal precipitation.
Therefore, in addition to precipitation, management practices (fertilization, crops) and soil
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texture, which influenced mineral N and WFPS at a local scale, were large-scale controllers
of gross N2O emissions from monocultures.
The whole (area-weighted for tree and crop rows) agroforestry had 6% (Cambisol soil) to 36%
(Phaeozem soil) less annual gross N2O emissions than the monocultures (Table 2.2) although
the tree rows only occupied 20% of the agroforestry area. The predominant control of mineral
N on gross N2O emissions across agroforestry and monoculture systems (Table 2.5 and
Figure 2.3b) reflected the clear benefit from unfertilized tree rows on reducing gross N2O
emissions, especially that gross N2O emissions were the main determinant of net N2O
emissions from the soils (Table 2.5 and Figure 2.3a). This also suggests for optimal
adjustments of the areal coverages between tree and crop rows to optimize benefits between
provision (e.g. food, biomass, soil nutrients) and regulation functions (e.g. GHG, water
quality).
2.5.2. Denitrification gene abundance
The increased microbial biomass in the agroforestry tree rows at our sites (Table 2.3) agreed
with molecular studies that found promotion of microbial population size in the tree rows as
compared to the crop rows or monoculture croplands in temperate regions (Banerjee et al.,
2016; Beule et al., 2020). A much detailed molecular quantification of the microbial
population at our study sites showed that the tree rows not only increase the bacterial and
fungal population as well as denitrification gene abundance (Beule et al., 2020) but also alter
the community composition of soil microorganisms (Beule and Karlovsky, 2021; Beule et al.,
2021), implying changes in microbial community functions. However, denitrifier population
size may only represent the genetic potential for denitrification rather than a reliable predictor
of soil N2O fluxes, which explained the contrasting spatial patterns of denitrification gene
abundance and gross N2O emission between agroforestry tree and crop rows or monoculture
(Tables 2.2 and 2.4). Similar opposing findings of denitrification gene abundance and net
N2O fluxes were reported from field studies in temperate croplands (Dandie et al., 2008) and
sclerophyll forest (Liu et al., 2013). Denitrification is a facultative physiological trait since all
known denitrifying bacteria are capable of aerobic respiration (Chen and Strous, 2013).
Denitrifier abundance may become a limiting factor for gross N2O emissions when substrate
levels and anaerobic conditions already prevail. Thus, it was not surprising that in the tree
rows, N availability (Table 2.5) rather than denitrifier population size controlled gross N2O
emissions. This conflicts with the assumption that the functional gene abundance of
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microorganisms can serve as a predictor of soil process rates. Although links between gene
abundance and soil processes are frequently reported, a significant part of these studies is
conducted under controlled laboratory conditions (e.g. Chen et al., 2020 ), ignoring the
complexity of conditions occurring in the field. We, therefore, question to which extent
results obtained from laboratory incubation studies can predict the actual processes occurring
under field conditions. We argue that extensive field rather than laboratory studies are
essential to understand the interactions between soil microbial communities and the processes
they carry out.
2.5.3. Gross N2O uptake
The increased gross N2O uptake in the agroforestry tree rows in the Phaeozem soil (Table 2.2)
was paralleled with low mineral N–to–soil CO2-C ratio and high WFPS, which concurred
with earlier findings (Wen et al., 2017; Yang & Silver, 2016a). At this site, the high WFPS
and soil CO2 (which partly indicated high heterotrophic respiration of available C; Chen et al.,
2019; van Straaten et al., 2011; Zhang et al., 2013) in the tree row would favor for reduction
of N2O to N2, resulting in higher gross N2O uptake in the agroforestry relative to the
monoculture (Table 2.2). The positive correlation of gross N2O uptake with nirK gene
abundance in agroforestry tree rows across two sites (Figure 2.3c) suggests that in a condition
of low mineral N with high available C (e.g., high soil CO2 and microbial C) and WFPS
(Table 2.3) denitrifiers could not gain enough energy from only NO2--to-N2O reduction, and
thus completed the final step of denitrification, N2O-to-N2 reduction. The latter was further
supported by the increasing nosZ clade II gene abundance with decreasing mineral N–to–soil
CO2-C ratio (Figure 2.3d), indicating that the ratio of mineral N–to–soil CO2-C (Phaeozem <
Cambisol soil) could be the underlying factor driving the difference in gross N2O uptake in
the tree rows between the two sites (Phaeozem > Cambisol soil) through its effect on the
population size of nosZ clade II (Phaeozem > Cambisol soil). Annual gross N2O uptake in the
agroforestry system tended to increase by 27% (Cambisol soil) to 42% (Phaeozem soil)
compared to the monocultures (Table 2.2). Collectively, the practical merit of trees in the
agroforestry system, with regard to enhanced gross N2O uptake, was mainly through an
increase in C availability (as reflected partly by soil respiration and microbial C; Table 2.3)
with an absence of fertilization.
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2.5.4. Implications
Our sites of cropland agroforestry and monocultures have been shown to display nutrient
saturation (Schmidt et al., 2021). As mineral N predominantly controlled gross N2O
emissions (which in turn influenced net soil N2O emission) from both agroforestry and
monocultures, our findings suggest that if fertilizer inputs are optimized without sacrificing
crop yield or profit, combined with the impact of tree rows on increased N2O uptake,
agroforestry will be an efficient mitigation strategy to curb N2O emission from croplands.
From the aspect of economic performance, less investment in fertilizer inputs associated with
environmental benefits (e.g., reduced N2O emission) and diversified sources of income (crop
yield, biofuel feedstock from tree biomass) would improve the profitability of agroforestry
and facilitate its adoption by farmers. Overall, the GHG regulation function of the
agroforestry system should be considered in the economic and ecological valuation to support
its policy implementation (Kay et al., 2019).
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2.8. Appendix
Table S2.1. Soil biochemical and physical properties (0-30-cm depth) at the three sites of cropland agroforestry and cropland monocultures in
Germany. At each site, mean (±SE, n = 4 plots for the Phaeozem and Cambisol soils, n = 8 plots for the Arenosol soil) followed by different
lowercase letters indicate significant differences between management systems at each site (ANOVA with Tukey HSD or Kruskal-Wallis test
with multiple comparison extension at P ≤ 0.05).

Soil

type

Management

pH

system

(1:4 soil-

(Site)
Phaeozem
(Dornburg)

H2O ratio)

(Wendhausen)

Arenosol
(Vechta)

Total N

Organic C

(kg N m-2)

(kg C m-2)

C:N ratio

ECEC
(mmolc kg-1)

BS (%)

Content
(%)

Agroforestry
tree row

6.5 ± 0.1c

0.53 ± 0.02a

5.14 ± 0.40a

9.6 ± 0.4a

152 ± 5b

99 ± 0a

20 ± 1b

crop row

6.7 ± 0.0b

0.49 ± 0.01a

4.27 ± 0.02a

8.7 ± 0.2ab

159 ± 3b

99 ± 0a

24 ± 1b

7.9 ± 0.1a

0.47 ± 0.06a

3.86 ± 0.61a

8.1 ± 0.4b

590 ± 101a

100 ± 0a

38 ± 2a

tree row

7.1 ± 0.2a

0.66 ± 0.03a

7.04 ± 0.30a

10.5 ± 0.2a

350 ± 75a

100 ± 0a

35 ± 2a

crop row

7.3 ± 0.2a

0.66 ± 0.02a

6.47 ± 0.22ab

10.0 ± 0.2b

366 ± 100a

100 ± 0a

28 ± 2a

Monoculture

7.3 ± 0.1a

0.60 ± 0.01a

5.79 ± 0.07b

9.7 ± 0.0b

298 ± 10a

100 ± 0a

44 ± 3a

Monoculture

6.1 ± 0.1

0.45 ± 0.03

6.07 ± 0.41

13.3 ± 0.2

43 ± 4

95 ± 1

7±1

Monoculture
Cambisol

Clay

Agroforestry
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Note. At each site, mean (±SE, n = 4 plots for the Phaeozem and Cambisol soils, n = 8 plots for the Arenosol soil) followed by different
lowercase letters indicate significant differences between management systems at each site (ANOVA with Tukey HSD or Kruskal-Wallis test
with multiple comparison extension at P ≤ 0.05). ECEC – effective cation exchange capacity, BS – base saturation. Soil characteristics were
measured in 2016 for the Phaeozem soil (Schmidt et al., 2021), 2019 for the Cambisol soil, and 2018 for the Arenosol soil.

Table S2.2. Final MgCl2 and primer concentrations.
Target gene

Final MgCl2 concentration (mM)

Primer concentration (µM)

nirK

2.5

0.5

nirS

2.0

0.5

nosZ clade I

1.5

0.5

nosZ clade II

2.0

1.0
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Table S2.3. Thermocycling conditions and primer choice for the quantification of denitrification genes.
Target gene

nirK

nirS

Initial

35 cycles

denaturation

Denaturation

Annealing

Extension

95 °C, 120 s

94 °C, 20 s

58 °C, 30 s

68 °C, 30 s

95 °C, 120 s

94 °C, 20 s

53 °C, 30 s

68 °C, 30 s

Primer

Primer source

nirK876F

(Henry et al., 2004)

nirK1040R
cd3aF

(Michotey

et

al.,

R3cd

2000; Throbäck et
al., 2004)

nosZ clade I

95 °C, 120 s

94 °C, 20 s

60 °C, 30 s

68 °C, 30 s

nosZ clade II 95 °C, 120 s

94 °C, 20 s

58 °C, 30 s

68 °C, 45 s

nosZ2F

(Henry et al., 2006)

nosZ2R
nosZ-II-F

(Jones et al., 2013)

nosZ-II-R

Note. The first three genes were analyzed using six touchdown cycles after the initial denaturation. Cycling conditions were identical to those in
the table except that the annealing temperate was raised to 63 °C, 58 °C, and 65 °C for nirK, nirS, and nosZ clade I, respectively, with a decrease
of the annealing temperature by 1 °C per cycle.
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Table S2.4. Pearson correlations of monthly average gross N2O emission with soil controlling factors across sites, and separately for
agroforestry and monoculture systems.
Across agroforestry and monoculture at three sites over 1.5 years of measurements (n = 167)
Gross N2O emission

Mineral N

Soil temperature

Mineral N

0.54**

Soil temperature

0.37**

0.33**

Soil respiration

0.24**

0.04

0.63**

WFPS

0.10

-0.05

-0.14

Soil respiration

0.26**

Agroforestry at two sites over 1.5 years of measurements (n = 124)
Gross N2O emission

Mineral N

Soil temperature

Mineral N

0.52**

Soil temperature

0.37**

0.31**

Soil respiration

0.26**

0.06

0.63**

WFPS

0.11

0

-0.12

Soil respiration

0.26**

Monoculture at three sites over 1.5 years of measurements (n = 43)
Gross N2O emission

Mineral N

Soil temperature

Mineral N

0.60**

Soil temperature

0.38*

0.38*

Soil respiration

0.28

0.07

0.73**

WFPS

0.21

-0.06

-0.23

Soil respiration

-0.10

Note. * P < 0.05, **P < 0.01.
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Figure S2.1. Conceptual diagram of gross N2O fluxes, based on the comparison between
15

N2O pool dilution (15N2O PD) and gas-flow soil core (GFSC) methods as discussed in our

previous study (Wen et al., 2016). Gross N2O emission and gross N2O uptake are the terms
suggested to be used when measured with

15

N2O PD technique, which largely includes gas

exchange in interconnected air-filled pores in the soil. Gross N2O production and gross N2O
consumption are the terms recommended to be used when measured with GFSC method,
which encompasses the soil air-filled pores as well as anaerobic microsites (e.g., soil micro
spots saturated with water, isolated pores filled with or enclosed by water, and waterentrapped N2O).
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Luer-lock stopcock

Glass desiccator

100-ml glass bottle

12-ml glass vial

Figure S2.2. Four intact soil cores (250 cm3 each) from the top 5 cm incubated in a glass
desiccator (6.6 L), equipped with a Luer-lock stopcock on the lid; 100-ml glass bottle
containing sample for

15

N2O analysis; and 12-ml glass vial (Exetainer; Labco Limited,

Lampeter, UK) for N2O, SF6, and CO2 concentrations determination
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Figure S2.3. Mean (±SE, n = 4 plots for the Phaeozem and Cambisol soils, n = 8 plots for the Arenosol soil) soil water-filled pore space (a, b, c),
soil temperature (d, e, f) and soil respiration (g, h, i), measured monthly in the top 5-cm depth at three sites of cropland agroforestry and cropland
monocultures in Germany. Agroforestry tree row (○) and crop row (area-weighted average of the 1-m, 7-m, and 24-m sampling locations,

▲);

monoculture (■). The site with an Arenosol soil was a cropland monoculture during the measurement period. June and July 2018 were extremely
dry months, during which no intact soil cores could be collected. Red dotted lines indicate harvest and blue dotted lines indicate sowing; gray
shadings indicate frozen soil during winter when intact soil cores cannot be collected.
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3.1. Abstract
The integration of riparian tree buffer and trees into cropland aims to reduce the threat to
groundwater quality and the atmosphere due to the excess nitrogen (N) from intensive
agricultural management. Presently, little information is known about how different types of
agroforestry systems with contrasting soil characteristics affected gross nitrous oxide (N2O)
emission and uptake and how depths affected these fluxes. We used in situ measurements of
gross N2O fluxes using 15N2O pool dilution at two depths (0 – 5 and 40 – 60 cm) in a riparian
buffer and tree row of alley cropping in Germany. Our results showed that gross N2O
emissions and uptake in topsoil were higher (P ≤ 0.03) in riparian tree buffer than tree row of
alley cropping but were comparable (P ≥ 0.06) in subsoil between the two agroforestry
systems. However, gross N2O fluxes did not differ (P ≥ 0.06) between the two depths at each
agroforestry system. Gross N2O emissions were mainly driven by mineral N, biodegradable
organic carbon, and aeration status rather than microbial population size either across topsoil
of agroforestry systems or across depths in the riparian tree buffer. Gross N2O uptake in
topsoil was driven by available carbon and nirK gene abundance across agroforestry systems.
Subsoil in both agroforestry systems showed a sink of N2O due to low mineral N, indicating a
great capacity of removal of leached NO3--N. Soil temperature was another important factor
regulating the temporal pattern of gross N2O uptake in subsoil in each agroforestry system.
Overall, we illustrated the underlying mechanisms and controls of gross N2O fluxes across
different agroforestry systems and depths.

Keywords: Nitrous oxide, agroforestry systems, riparian buffer,
N2O emission, gross N2O uptake
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15

N2O pool dilution, gross

3.2. Introduction
The excess nitrogen (N) from intensive agricultural management is regarded as an escalating
global threat because of its impact on groundwater quality and the atmosphere (Stark and
Richards, 2008), strategies should thus be adopted to mitigate such problems. Agroforestry
systems, incorporating trees into the arable land, are considered as sustainable management
due to delivering a series of ecosystem services, e.g., water quality enhancement, and climate
change mitigation (Chapman et al., 2020; Kim et al., 2016). Modern agroforestry systems can
take different forms including alley cropping, riparian buffers, and silvopasture systems
(Baah-Acheamfour et al., 2020). The alley-cropping system consists of alternating rows of
trees and crops. The tree rows in the alley cropping are unfertilized as commonly practiced by
farmers in temperate regions (Schmidt et al., 2021). These tree roots can serve as a ‘safety net’
through intercepting the leached nutrients such as nitrate (NO3-) from the fertilized crops,
thereby enhancing water quality (Allen et al., 2004). In contrast to the alley-cropping system,
riparian buffers are located between terrestrial and aquatic ecosystems and serve as a natural
filter for pollutants from adjacent agricultural land, including NO3- transported in overland
flow and subsurface pathways (Boleman and Jacobson, 2021; Baskerville et al., 2021). They
can reduce overland flow velocity due to their low-gradient topography, leading to greater
residence time and more efficient N removal (Fisher et al., 2014). Much interest in riparian
buffers has been motivated by beneficial effects on water quality as effective NO3- sinks
(Lutz et al., 2020; Hill, 2019) but this could also contribute to environmental problems
through the emissions of nitrous oxide (N2O) (Davis et al., 2019).
N2O is a contributor to ozone-depleting and a potent greenhouse gas with 298 times global
warming potential relative to carbon dioxide (CO2) (Allen, 2015). It is mainly originated
from microbial denitrification and nitrification. Challenges associated with simultaneously
measuring N2O and N2 (i.e., the end product of denitrification), because of the high
atmospheric background N2 concentration (Groffman et al., 2006), hinder quantification of
gross N2O production and consumption in soils. To date, net N2O flux as the result of gross
N2O production and consumption has been widely investigated by using the chamber method
in natural and managed ecosystems. However, the separate two processes are rarely
researched in the field as the commonly used methods, e.g., acetylene inhibition and

15

N

tracing methods, are more focused on the laboratory due to their manipulation and limitations
(Groffman et al., 2006; Butterbach-Bahl et al., 2013). The

15

N2O pool dilution technique is

currently the only choice to provide much-needed field measurements of gross N2O emission
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and gross N2O uptake without extensive soil disturbance even though this technique may not
capture all N2 production in few conditions, like in anaerobic microsites (Wen et al., 2016;
Yang et al., 2011). Given that happens, Wen et al. (2016) propose the term ‘gross N2O
emission’ and ‘gross N2O uptake’. The

15

N2O pool dilution technique is rarely applied in

terrestrial ecosystems (Wen et al., 2017; Yang and Silver, 2016a, 2016b; Yang et al., 2011).
In response to a recent call for the adoption of new and improved methods for denitrification
(Almaraz et al., 2020), applying

15

N2O pool dilution into two contrasting agroforestry

systems, i.e., riparian buffer, and tree row of alley cropping, and at different depths, is to
facilitate our understanding of field rates of gross N2O fluxes and associated controls and
how these fluxes vary across the soil profile.
Understanding mechanisms of gross N2O emission and uptake are to advance the predictions
of changes in net N2O fluxes caused by future climate change and thus optimize the
agroforestry management to achieve the goal of climate change mitigation. Factors regulating
gross N2O emission and uptake in soils, such as available N (NO3- and ammonium [NH4+]), C
availability, soil moisture content have been documented in a forest stand (Wen et al., 2017),
a salt mash landscape (Yang and Silver, 2016a) and a fertilized corn cropland (Yang and
Silver, 2016b). Theoretically, the fluctuating water level of an aquatic ecosystem builds
alternating aerobic and anaerobic conditions in riparian tree buffers, alternately triggering
nitrification and denitrification (Bissett et al., 2013), consequently increasing rates of gross
N2O fluxes through the two tightly coupled processes. Because of the typically moist
conditions, riparian buffers favor more C sequestration than upland forests as increased C
sequestration commonly occurs in wetter conditions (Gundersen et al., 2010), thereby
facilitating N2O to N2. Meanwhile, soil microbial communities and denitrification gene
abundance are strongly associated with soil physicochemical conditions, including soil
organic C (SOC), moisture, and available N (Ding et al., 2021; Ma et al., 2020a), indicating a
greater denitrification potential in the riparian buffers than upland alley cropping. Thus, due
to contrasting inherent properties (e.g., water tables, soil C levels, and NO3- concentrations)
between the two agroforestry systems, we expect that there would be distinct differences in
gross N2O emission and uptake.
In addition, N2O produced and consumed in soils has been mainly focused on the top few
centimeters of the soil profile but they also occur at deeper depths during upward diffusion
(Shcherbak and Robertson, 2019). However, much less is known about the quantification of
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gross N2O emission and uptake at depths, especially in the actual field. Subsoil denitrification
has been suggested as an important mechanism for the removal of excess NO3- before
leaching to groundwater (Jahangir et al., 2012). It is likely co-limited by NO3- concentration,
C availability, and water-filled pore space (WFPS), which typically change with depth (Yang
and Silver, 2016a). Similarly, due to changes in soil properties, soil denitrifying bacterial
community significantly differs among soil depths (Han et al., 2020). McCarty and Bremner
(1992) have found that N2O emissions in subsoil are not restricted by denitrifying organisms
but by readily available C while van Groenigen et al. (2005) have reported that N2O
emissions in subsoil are mainly affected by soil moisture rather than C or N availability.
Little information about how soil depths affect gross N2O fluxes in two contrasting
agroforestry systems.
Therefore, we selected two agroforestry systems with distinct inherent properties to
investigate gross N2O emission and uptake by using 15N2O pool dilution and the abundances
of denitrifying genes and total bacterial, fungal abundances by using a DNA-based analysis.
This can help us investigate the relationships between biogeochemical process rates and their
associated functional genes and environmental factors. The objectives of this study were to:
(1) compare tree row of alley cropping system with riparian tree buffer on their influence on
gross N2O emission and uptake, (2) compare two soil depths (0 – 5 cm vs. 40 – 60 cm) in
both agroforestry systems for gross N2O emission and uptake to elucidate the factors
controlling their differences. We hypothesized that riparian tree buffer will have higher gross
N2O emission and uptake than tree row of alley cropping and topsoil (0 – 5 cm) will have
higher gross N2O emission and uptake than subsoil (40 – 60 cm).
3.3. Materials and methods
3.3.1. Site description and soil sampling
Top- and subsoil were collected in the tree rows of two different types of agroforestry
systems: i) a riparian tree buffer and ii) a cropland alley cropping. The riparian tree buffer
(Figure S3.1a) was established in 2012 on a poorly-drained Gleysol soil with a high
groundwater level near Rosdorf, Germany (51°30′26″ N, 9°52′58″ E, 163 m above mean sea
level). The cropland alley cropping (Fig S3.1b) was established in 2007 on a well-drained
Phaeozem soil near Dornburg, Germany (51°00′40″ N, 11°38′46″ E, 289 m above sea level).
The two sites had a comparable mean annual temperature and precipitation with 9.8 ± 0.3 and
10.7 ± 0.3 ℃ and 595 ± 34 and 567 ± 32 mm for the riparian tree buffer and alley cropping,
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respectively (2010 – 2019; German Meteorological Service). Soils at both sites developed on
loess deposits and field examination of the upper 50-cm depth revealed that soil texture at
both sites was dominated by silt. Therefore, soil drainage (low drainage at the riparian tree
buffer; high drainage at the alley cropping) was the main difference between the two sites.
The tree rows of both agroforestry systems consisted of hybrid poplar clones (cv. Max 1;
Populus nigra × P. maximowiczii) and were not fertilized as commonly practiced in
temperate agroforestry systems (Schmidt et al., 2021). The first harvest of the trees of the
alley cropping was performed eight years after planting (spring 2015), while the trees in the
riparian tree buffer were not harvested since planting in 2012. Therefore, the poplar trees at
our sites were 4 and 7 years old during our study year (2019). We hereafter refer to the two
sites by their type of agroforestry system, i.e. riparian tree buffer and tree row of alley
cropping.
Within the tree rows of each agroforestry system, four sampling locations (replicate plots)
with a minimum distance of 15 m from each other were selected. At each replicate plot,
topsoil samples (0 to 5 cm depth) were collected by sampling four intact soil cores (5 cm
height, 8 cm diameter). For subsoil samples, an intact soil core (20 cm height, 8 cm diameter)
from 40 to 60 cm depth was collected. The intact soil cores were used for field measurements
of gross N2O emission and gross N2O uptake as well as net N2O and CO2 fluxes in early
spring (April), spring (June), summer (August), and autumn (October) 2019.
3.3.2. Measurement of gross N2O emission and uptake
We measured gross N2O emission and uptake using the

15

N2O pool dilution technique as

described by Wen et al. (2016; 2017). This technique assumes a homogeneous mixture of
injected 15N2O with soil-borne N2O in the soil air-filled pores (Wen et al., 2016), indicating
that the soil pores must be interconnected to the soil surface for homogenous mixing to occur
(Wen et al., 2016). Soil cores from the top-and subsoil of each replicate plot were separately
placed in an air-tight chamber (glass desiccator of 6.6 L volume) equipped with a Luer-lock
stopcock on the lid (Figure S3.1c). We injected 7 ml of

15

N2O label gas (Westfalen AG,

Münster, Germany) into the chamber headspace. The label gas contained 100 ppmv 98%
single labeled

15

N-N2O, 275 ppbv sulfur hexafluoride (SF6, as a tracer for possible physical

loss of gases from the chamber headspace), and synthetic air. The injection increased
headspace concentrations by approximately 125 ppbv N2O with 13.2% 15N initial enrichment
and 292 pptv SF6. Gas samples of 100 and 23 ml were collected from the chamber headspace
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after 0.5, 1, 2, and 3 hours of in-situ incubation and injected into pre-evacuated 100-ml glass
bottles and 12-ml glass vials (Exetainer; Labco Limited, Lampeter, UK) with rubber septa,
respectively. The 100-ml gas samples were analyzed for 15N-N2O using an isotope ratio mass
spectrometer (Finnigan Deltaplus XP, Thermo Electron Corporation, Bremen, Germany). The
23-ml gas samples were analyzed for N2O and SF6 concentrations using a gas chromatograph
(SRI 8610C, SRI Instruments Europe GmbH, Bad Honnef, Germany) equipped with an
electron capture detector with make-up gas of 5% CO2-95% N2 (v/v; 5.0 purity grade). CO2
concentrations were determined from the same gas sample on the same gas chromatograph
using a methanizer coupled to a flame ionization detector. Gas fluxes were calculated from
the linear increase of their concentrations over the incubation period and adjusted for air
temperature and atmospheric pressure (e.g. Matson et al., 2017). The headspace was kept at
atmospheric pressure and oxygen concentration by injecting 123 ml of a gas mixture
containing 80% helium and 20% oxygen (v/v) into the headspace following gas sampling.
This does not change the

15

N-N2O isotope composition within the headspace (Wen et al.,

2016; 2017). We accounted for this dilution in all gas flux calculations. Following the
incubation, ambient air samples for gross N2O flux calculations were collected (23 ml for the
determination of ambient N2O concentration and 100 ml for analysis of the natural abundance
of

15

N2O signatures). Atmospheric N2O concentration was 347.5 ± 0.7 ppbv and

15

N natural

abundance was 0.3695 ± 0.0001 atom% across sites and sampling dates. Details on the
principles and calculations of gross N2O emission and uptake are given in our previous works
(Wen et al., 2016; 2017). Gross N2O and net N2O and CO2 fluxes were expressed on the basis
of dry soil mass.
3.3.3. Soil characteristics
General soil characteristics (pH, soil organic C, total N, base saturation, and effective cation
exchange capacity) in top- and subsoil at both sites were determined at the beginning of our
study as described previously by (Schmidt et al., 2021) (Table 3.1). Following measurement
of gross and net N2O fluxes, soil cores from top- and subsoil of each replicate plot were
thoroughly mixed per depth, to obtain one composite sample per replicate plot and soil depth.
Each composite sample was divided into subsamples for the analysis of soil controlling
factors (temperature, WFPS, NO3--N, NH4+-N, biodegradable organic C [BDOC], microbial
biomass N [MBN], and DNA-based quantification of soil bacteria, fungi, and denitrification
genes). WFPS was calculated from the gravimetric moisture content (oven drying at 105 ºC
for 24 h) and the soil bulk density, determined by the soil core method (Blake and Hartge
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1986) using a mineral soil particle density of 2.65 g cm-3. In the field, fresh soil was placed
into a pre-weighed extraction bottle containing 150 ml 0.5 M K2SO4 for the determination of
extractable mineral N. Upon arrival at the laboratory, these bottles were shaken for 1 h,
filtered through pre-washed (with 0.5 M K2SO4) filter papers, and the extracts were stored at
-20°C until further analysis. MBN was determined by fumigating 20 g fresh soil for 5 days
using the chloroform fumigation-extraction method (Brookes et al. 1985). Following
fumigation, total extractable N was extracted from the samples using 100 ml 0.5 M K2SO4 as
described above. The dry mass of the extracted fresh soils and the fumigated soils were
calculated using the gravimetric moisture content. MBN was calculated as the difference in
total extractable N between the paired fumigated and un-fumigated samples divided by a
correction factor (kN) of 0.68 (Shen et al. 1984). Extractable mineral N (NH4+, NO3-) and total
extractable N were analyzed using continuous flow injection colorimetry (SEAL Analytical
AA3, SEAL Analytical GmbH, Norderstedt, Germany), where NH4+ was determined by
salicylate and dichloroisocyanuric acid reaction, NO3- by cadmium reduction method with
NH4Cl buffer, and total extractable N by ultraviolet-persulfate digestion followed by
hydrazine sulfate reduction. BDOC was measured under batch incubation using a modified
protocol of McDowell et al. (2006). Approximately 150 g of fresh soil was extracted by
shaking in 750 ml deionized water for 1 h (Jones and Willett, 2006). The extract was
centrifuged at 3,871 × g for 20 min and passed through a 2 µm filter. From each filtrate, six
times 50 ml were transferred to 100-ml flasks covered with perforated parafilm to allow air
exchange and incubated at room temperature in the dark. At 0, 1, 3, 7, 14, and 28 days after
the start of the incubation, the filtrate of one of the six flasks was passed through a 0.2 µm
cellulose acetate filter and stored at -20°C until analysis. Dissolved organic carbon (DOC)
concentrations were determined using ultraviolet-enhanced persulfate oxidation using a Total
Organic Carbon Analyzer (TOC-Vwp, Shimadzu Europa GmbH, Duisburg, Germany).
BDOC was determined as the difference between the maximum and minimum DOC
concentration during the incubation period. For DNA extraction, approximately 20 g of fresh
soil were transferred to a sterile 15-ml polypropylene Falcon tube and frozen at -20 ℃ while
in the field.
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Table 3.1. Soil characteristics (means ± 1 SE; n = 4 plots) in two agroforestry systems
Agroforestry

Depth SOC

type

(cm)

Riparian tree 0-5

(g kg-1)

Total N
(g kg-1)

pH

ECEC

BS

(mmolc kg-1)

(%)

Bulk
density†
(g cm-3)

102 ± 10 9.4 ± 0.8 6.9 ± 0.1 458 ± 39

100 ± 0

0.7 ± 0.0

14 ± 2

1.1 ± 0.1 7.4 ± 0.2 577 ± 21

100 ± 0

1.0 ± 0.1

17 ± 1

1.8 ± 0.1 6.6 ± 0.1 152 ± 5

99 ± 0

1.0 ± 0.0

11 ± 1

1.2 ± 0.1 6.7 ± 0.1 164 ± 10

100 ± 0

1.3 ± 0.0

buffer
40-60
Tree row of 0-30
alley cropping
30-60

Notes: Soil characteristics were measured in 2019 for riparian tree buffer and 2016 for the
tree row in alley cropping (Schmidt et al., 2021). SOC, soil organic C; ECEC, effective cation
exchange capacity; BS, base saturation. † Bulk density of tree row in alley cropping was from
0 – 5 and 40 – 60 cm.

3.3.4. Quantification of bacteria, fungi, and denitrification genes in soil
Soil samples were stored at -20 °C upon arrival at the laboratory and subsequently freezedried. Freeze-dried samples were homogenized as described earlier (Beule et al., 2019a) and
DNA was extracted from 200 mg finely ground soil using a phosphate lysis buffer protocol
optimized for subsoils (Guerra et al., 2020). Briefly, soil material was suspended in 1 M
phosphate buffer containing 0.5% (w/v) sodium dodecyl sulfate, the mixture was centrifuged,
and the supernatant was extracted using phenol and chloroform-isoamyl alcohol. DNA was
precipitated using polyethylene glycol-NaCl and the extracts were checked on 0.8% (w/v)
agarose gels stained with ethidium bromide. To overcome PCR inhibition, the extracts were
tested for PCR inhibitors using a DNA amplification inhibition test (Guerra et al., 2020) and
diluted accordingly prior to PCR. The abundance of soil bacteria, fungi, and denitrification
genes (nirK, nirS, nosZ clade I, and nosZ clade II) were analyzed using real-time PCR as
described previously (Beule et al., 2020). Briefly, soil DNA extracts were amplified in 4-µl
reaction volumes in 384-well microplates in a CFX384 Thermocycler (Bio-Rad, Rüdigheim,
Germany). The choice of primers, the composition of the reaction volumes, and the
thermocycling conditions are identical to those used by Beule et al. (2020).
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3.3.5. Statistical analyses
At each site, the distance between the replicate plots (15 m) was tested for spatial
independence using the first data set of soil gross and net N2O fluxes. Based on von
Neumann’s ratio test for randomness (Bartels, 1982), these fluxes were not auto-correlated.
Thus, our replicate plots were considered biological replicates in our statistical analysis. Each
parameter was tested for normal distribution and equality of variances using Shapiro-Wilk
and Levene’s test, respectively. Seasonal patterns of all parameters at each depth per site
were explored using one-way ANOVA followed by Tukey HSD test (parameters that met
equality of variances and normal distribution) or Kruskal-Wallis test with multiple
comparison extension (parameters that did not meet equality of variances and/or normal
distribution). Differences between the two types of agroforestry systems (riparian tree buffer
= 1, tree row in alley cropping = 2 reading as ordinal categorical variables) at each soil depth
or between depths (0 – 5 cm depth = 1, 40 – 60 cm depth = 2) at each site were tested using
linear mixed effect (LME) models. In the models, the agroforestry type/soil depth was set as
a fixed effect and sampling day and replicate plot as random effects (Crawley, 2007).
Parameters that did not meet normal distribution were either square-root (gross N2O emission,
WFPS, total mineral N [sum of NH4+ and NO3-], soil respiration, BDOC) or log-transformed
(net N2O flux, MBN, bacteria, fungi, and denitrification gene abundance) to meet the
assumptions of LME. These LME models were developed to include a variance function
(varIdent) to account for heteroscedasticity of the fixed effect and/or a first-order temporal
autoregressive function that accounted for decreasing correlation of the measurements with
increasing time (Zuur et al., 2009) if this improved the relative goodness of the model fit
based on the Akaike information criterion.
We performed a structural equation model (SEM) to identify how gross N2O emissions were
affected by the types of agroforestry system and soil depth using the ‘lavaan’ R package.
Before SEM analysis, we used the data set from the LME model (i.e. transformed data) to
conduct a principal component analysis (PCA) to group parameters that were auto-correlated
into three groups: (1) substrate availability (BDOC, soil respiration, NH4+, NO3-), (2)
microbial community (MBN, bacteria, and fungi), and (3) functional gene abundance (nirK,
nirS, nosZ clade I and II). The first component (PC1) explained 68% to 94% of the total
variance for each group (Figure S3.2) and PC1 scores corresponding to each replicate plot per
sampling day and depth were considered as a new variable in SEM analysis (Barnes et al.,
2017). The lower the PC1 score, the greater the values of the grouped parameters, thus, to
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make it intuitive, we used inverse PC1 scores so that the greater PC1 scores directly indicate
greater values of the parameters (Figure S3.3). The quality of the SEM model was assessed
using chi-square goodness of fit (P > 0.05), standardized root mean square error of
approximation (value < 0.08), and comparative fit index (value > 0.9) (Kline, 2014).
Spearman’s rank correlation test was used to explore temporal correlations i) at each depth
within each agroforestry system (n = 16, i.e., 4 replicate plots × 4 measurements × 1 depth), ii)
across depths within each agroforestry system (n = 32, i.e., 4 replicate plots × 4
measurements × 2 depths), and iii) at each depth across both agroforestry systems (n = 32, i.e.,
4 replicate plots × 4 measurements × 2 sites). All statistical tests were considered significant
at P ≤ 0.05. We conducted all statistical analyses under R version 3.6.3 (R Core Team, 2019).
3.4. Results
3.4.1. Soil N2O flux dynamics
Gross fluxes of N2O in topsoil of both types of agroforestry systems were comparable among
seasons (P ≥ 0.08; Figure 3.1a, c). In contrast, a seasonal pattern emerged in subsoil where
gross N2O emissions and uptake were highest in spring (P ≤ 0.04; Figure 3.1a, c). In the
riparian tree buffer, net N2O emissions at both depths were highest in early spring (P ≤ 0.03;
Figure 3.1e) while the season did not affect net emissions in the tree row of alley cropping.
Across seasons, gross N2O emissions and uptake were higher in the riparian tree buffer than
in the tree row of alley cropping in topsoil (P ≤ 0.03) but comparable in subsoil (P ≥ 0.06;
Figure 3.1b, d). Soil depth did not affect gross and net fluxes of N2O at each agroforestry
system across seasons (P ≥ 0.06; Figure 3.1b, d, f), however, gross N2O emissions in topsoil
of the riparian tree buffer were 114% higher as compared to subsoil. Although the two
agroforestry systems showed similar net N2O fluxes (P = 0.09; Figure 3.1f), only topsoil in
the riparian tree buffer was identified as a net source for N2O (Figure 3.1f).
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Figure 3.1. Soil gross N2O emission (a, b), gross N2O uptake (c, d), and net N2O flux (e, f) at
depths of 0 – 5 cm (topsoil) and 40 – 60 cm (subsoil) in riparian tree buffer and tree row of
alley cropping. Means ± 1 SE for bars in b, d, f (n = 4 plots) followed by different capital
letters indicate significant differences between agroforestry systems for the topsoil and
different small letters for the subsoil (linear mixed effect model at P ≤ 0.05).
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3.4.2. Soil controlling factors
WFPS exhibited a strong seasonal dependence as it decreased from early spring to summer
and increased in fall (Figure 3.2a). At each soil depth, the average WFPS was greater in the
riparian tree buffer than in the tree row of alley cropping (P ≤ 0.05; Figure 3.2b). While the
WFPS was comparable across depths in the riparian tree buffer (P = 0.99), it was greater in
topsoil than subsoil in the tree row of alley cropping (P = 0.05; Figure 3.2b). Soil temperature
did not differ between the two types of agroforestry systems nor depths (P ≥ 0.09).
Total mineral N in the riparian tree buffer at both depths was dominated by NO3--N and was
highest in early spring (P ≤ 0.008; Figure 3.2c). In contrast, the total mineral N in the tree
row of alley cropping was dominated by NH4+-N. In topsoil of this system, mineral N was
highest in spring (P = 0.004; Figure 3.2c), whereas no seasonal variation was observed in
subsoil (P = 0.19; Figure 3.2c). At both sites, total mineral N declined from topsoil to subsoil
(P < 0.001). In topsoil, the riparian tree buffer had higher mineral N content as compared to
the tree row of alley cropping (P < 0.001); in subsoil, however, mineral N content was
comparable between the two systems (P = 0.21; Figure 3.2d). Seasonal patterns of soil
respiration and BDOC were similar to that of total mineral N (cf. Figure 3.2c, e, g). Average
soil respiration and BDOC in the riparian tree buffer were greater than in the tree row of alley
cropping (P ≤ 0.02; Figure 3.2f, h). Topsoil sampled in the tree row of alley cropping had
higher soil respiration as compared to subsoil (P < 0.001; Figure 3.2f). BDOC in the riparian
tree buffer was greater in topsoil than subsoil (P = 0.01; Figure 3.2h)
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Figure 3.2. Soil water-filled pore space (a, b), total mineral N (c, d), soil respiration (e, f),
and biodegradable organic C (g, h) at depths of 0 – 5 cm (topsoil) and 40 – 60 cm (subsoil) in
riparian tree buffer and tree row of alley cropping. Means ± 1 SE for bars in b, d, f, h (n = 4
plots) followed by different capital letters indicate significant differences between
agroforestry systems for the topsoil and different small letters for the subsoil (linear mixed
effect model at P ≤ 0.05).
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3.4.3. Microbial community and denitrification gene abundance
Besides high MBN in subsoil of the tree row of alley cropping in early spring, MBN, bacteria,
and fungi lacked seasonal dynamics (Figure 3.3a, c, e). MBN and bacterial abundance were
greater in the topsoil of the riparian tree buffer than the tree row of alley cropping (P < 0.001;
Figure 3.3b, d). Conversely, the tree row of alley cropping showed greater MBN and bacterial
population size in subsoil than the riparian tree buffer (P ≤ 0.04; Figure 3.3b, d). Fungal
population size in topsoil did not differ between the two agroforestry systems but was greater
in subsoil of the tree row of alley cropping than the riparian tree buffer (P < 0.001; Figure
3.3f). All three measures of the microbial community size (MBN, bacterial 16S rRNA, and
fungal 18S rRNA gene abundance) declined from topsoil to subsoil (P < 0.001; Figure 3.3b,
d, f).
The abundance of microorganisms harboring denitrification genes (nirK, nirS, nosZ clade I
and II) declined from topsoil to subsoil at both agroforestry systems (P < 0.001). No seasonal
pattern of denitrification gene abundance was observed except that the abundance of nosZ
clade I and II genes was greatest in summer (P ≤ 0.04; Figure 3.4a,c,e,g). In topsoil, average
copy numbers of nirK, nirS, and nosZ clade I genes were greater in the riparian tree buffer
than in the tree row of alley cropping (P ≤ 0.01) (Figure 3.4b,d,g). In subsoil, the riparian
tree buffer harbored more microorganisms that carry nirS genes as compared to the tree row
of alley cropping (P = 0.01) (Figure 3.4d). Conversely, nirK and nosZ clade II genes were
more frequently recovered in subsoil samples of the tree row of alley cropping than the
riparian tree buffer (P < 0.001) (Figure 3.4b,h).
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Figure 3.3. Soil microbial biomass N (a, b), bacterial 16S rRNA (c, d), and fungal 18S rRNA
gene abundance (e, f) at depths of 0 – 5 cm (topsoil) and 40 – 60 cm (subsoil) in riparian tree
buffer and tree row of alley cropping. Means ± 1 SE for bars in b, d, f (n = 4 plots) followed
by different capital letters indicate significant differences between agroforestry systems for
the topsoil and different small letters for the subsoil (linear mixed effect model at P ≤ 0.05).
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Figure 3.4. Soil denitrification gene abundance of nirK (a, b), nirS (c, d), nosZ clade I (e, f),
and nosZ clade II (g, h) at depths of 0 – 5 cm (topsoil) and 40 – 60 cm (subsoil) in riparian
tree buffer and tree row of alley cropping. Means ± 1 SE for bars in b, d, f, h (n = 4 plots)
followed by different capital letters indicate significant differences between agroforestry
systems for the topsoil and different small letters for the subsoil (linear mixed effect model at
P ≤ 0.05).
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3.4.4. Factors controlling gross N2O fluxes
The SEM revealed that variations in gross N2O emissions in the topsoil of both agroforestry
systems (Figure 3.5a) and across soil depths in the riparian tree buffer (Figure 3.5b) were
mainly due to substrate availability rather than functional gene abundance or microbial
community size. Gross N2O emissions were highly correlated with gross N2O uptake (Figure
S3.4a). In topsoil, we found positive relationships between gross N2O emissions and total
mineral N and BDOC across the agroforestry systems (Figure S3.4b, c). Gross N2O emissions
showed a positive correlation with the ratio of nosZ clade I-to-nosZ clade II gene copies
(Figure S3.4d) due to its auto-correlation with total mineral N (rho = 0.62, n = 32, P < 0.001)
and BDOC (rho = 0.76, n = 32, P < 0.001). Similarly, gross N2O emissions in subsoil were
positively linked to total mineral N across the two agroforestry systems (rho = 0.45, n = 32, P
= 0.45). The gross uptake of N2O in topsoil increased with increasing soil respiration (Figure
3.6a) and nirK gene abundance (Figure 3.6b) but decreased as the ratio of BDOC to total
mineral N increased (Figure 3.6c). Interestingly, gross N2O uptake showed a positive
relationship with total mineral N across the two agroforestry systems (Figure 3.6d).
In the riparian tree buffer, we only found a positive relationship between gross N2O uptake
and soil temperature in subsoil (rho = 0.52, n = 16, P = 0.04). In the tree row of alley
cropping, we did not detect any correlations of gross N2O fluxes with the measured soil
variables per depth or across depths.
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Figure 3.5. Structural equation modeling of the causal links of controlling factors on gross
N2O emission from 0 – 5 cm depth (topsoil) across agroforestry systems and seasons (a) and
0 – 5 cm and 40 – 60 cm depth (subsoil) in riparian tree buffer (b). Substrate availability
included soil biodegradable organic C (BDOC), soil respiration, NH4+, and NO3concentrations from the first component (PC1) of the principal component analysis (PCA).
Functional gene abundance included nirK, nirS, nosZ clade I, and nosZ clade II from PC1 of
PCA. The microbial community included bacterial 16S and fungal 18S rRNA gene
abundance, and microbial biomass N (MBN) from PC1 of PCA. Values next to the lines are
standardized path coefficients (at *P < 0.05, **P < 0.01, ***P < 0.001); green and red lines
represent positive and negative pathways, respectively. Grey dashed lines represent nonsignificant pathways. Single-headed and double-headed arrows refer to unidirectional and
bidirectional relationships, respectively. The quality of models was assessed by chi-square (P >
0.05), standardized root mean square error of approximation (SRMR, value < 0.08), and
comparative fit index (CFI, value > 0.9). Agroforestry system and soil depth were read as
ordinal categorical data: riparian tree buffer and 0 – 5 cm = 1; tree row in alley cropping and
40 – 60 cm = 2.
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Figure 3.6. Spearman’s rank correlations between gross N2O uptake, soil respiration (a) and
nirK gene abundance (b) in 0 – 5 cm, and between gross N2O uptake, biodegradable organic
C (BDOC)-to-total mineral N ratio (c), and total mineral N (d) in 40 – 60 cm.
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3.5. Discussion
3.5.1. Gross N2O fluxes in different agroforestry systems
Gross N2O emissions and uptake in topsoil were greater in the poorly-drained (high WFPS;
Figure 3.2a) soil of the riparian tree buffer than in the well-drained (low WFPS; Figure 3.2a)
alley cropping system (Figure 3.1b), which agrees with our first hypothesis. The enhanced
gross N2O emissions in the riparian buffer are consistent with the findings of Wen et al.
(2017) who also applied the
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N2O pool dilution technique and reported that high WFPS

results in anaerobic soil conditions and favors the production of N2O. Additionally, the high
total mineral N (electron acceptor; Figure 3.2d), BDOC (electron donor; Figure 3.2h), and
denitrifier population size (Figures 3.3a,b,d, and 3.4) at the riparian tree buffer likely further
promoted gross N2O emissions at favorable WFPS. Our SEM (Figure 3.5a), however,
indicated that gross N2O emissions were mainly determined by substrate availability rather
than denitrifiers, suggesting that the population size of denitrifiers did not limit denitrification.
The observed positive correlation of gross N2O emissions with total mineral N (Figure S3.4b)
and BDOC (Figure S3.4c) also confirm the findings of previous studies performed in a forest
stand (Wen et al., 2017) and a fertilized cropland (Yang and Silver, 2016b). The effect of
nosZ clade I-to-nosZ clade II ratio on gross N2O emissions (Figure S3.4d) was attributed to
its auto-correlation with mineral N and BDOC, indicating a niche differentiation of nosZ
clade I- and clade II-carrying microorganisms depending on available substrates. The greater
ratio of nosZ clade I-to-nosZ clade II (1 – 5) in the riparian tree buffer than in the tree row of
alley cropping (< 1; Figure S3.4d) was accompanied by a 10-fold increase of NO3--N in the
riparian buffer as compared to the alley-cropping system, suggesting that nosZ clade II
denitrifiers favor NO3- limiting conditions. This observation agrees with the work of Semedo
et al. (2020), who proposed that the presence of NO3--N could restrict the expression of nosZ
clade II genes and, thus, the reduction of N2O to N2. Although gene expression of
denitrification genes was not assessed in our study, we argue that in the long term, the ratio of
nosZ clade I- to clade II-carrying microorganisms will adjust to environmental conditions
such as NO3--N concentrations.
The higher gross N2O uptake in the riparian tree buffer than in the tree row of alley cropping
could be driven by higher gross N2O emissions because of their positive relationship (Figure
S3.4a). Thus, the factors that favored gross N2O emissions should have favored gross N2O
uptake. The high mineral N and BDOC, as well as favorable soil moisture in the riparian,
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resulted in high gross N2O emissions. Meanwhile, the generated N2O was partly reduced to
N2 because the topsoil of riparian showed a source of N2O (Figure 3.1f). Gross N2O uptake
was positively correlated with nirK gene abundance and soil respiration (as an indicator of C
availability) (Figure 3.6a, b), suggesting that higher C availability would provide more
resources for the population of denitrification genes (e.g., nirK) (Song et al., 2011), thereby
more N2O reduction to N2. This could be explained by the co-occurrence of nirK and nosZ
clades (Bowen et al., 2018; Graf et al., 2014). It suggested that higher nosZ clade I gene
abundance was the one to drive more N2O reduction to N2 in the riparian because nosZ clade
II gene abundance was similar between both agroforestry systems.
In subsoil, both agroforestry systems showed similar gross N2O emissions and uptake (Figure
3.1b, d) but were characterized as a net sink for N2O (Figure 3.1f). The strong correlation of
gross N2O uptake and emissions (Figure S3.4a) suggests that almost all of the N2O produced
in subsoil was further reduced to N2 (Wen et al., 2016). As N2O reduction is highly dependent
on soil water content and C availability (Chapuis-Lardy et al., 2007), we expected that gross
N2O uptake would have been higher in the riparian tree buffer as compared to the tree row of
alley cropping due to their differences in WFPS and C availability (i.e. soil respiration and
BDOC) in subsoil. Gross N2O uptake in subsoil, however, did not differ between agroforestry
systems, which disagrees with our first hypothesis. We propose that the lower denitrification
gene abundance (nirK and nosZ clade II) in the riparian tree buffer as compared to the tree
row of alley cropping may have offset the advantage from abiotic factors (i.e., WFPS and C
availability) and represented a microbial bottleneck for N2O uptake in subsoil. The negative
relationship between gross N2O uptake and soil BDOC-to-total mineral N ratio (Figure 3.6c)
in subsoil illustrated that the more electron donor relative to electron acceptor would not
facilitate N2O reduction to N2. It is possibly because the total mineral N (< 5 mg kg-1) was
extremely low in both agroforestry systems, reflecting an N limitation rather than a C
limitation for gross N2O uptake in subsoil, as further delineated by the positive correlation of
gross N2O uptake and total mineral N (Figure 3.6d). The depletion of NO3--N is likely due to
the effective uptake of NO3--N through the hybrid poplar trees as their deep-rooting system
allows the uptake of nutrients from the subsoil (Truax et al., 2017). Therefore, similar total
mineral N concentrations likely accounted for similar gross N2O uptake in subsoil in the two
agroforestry systems. Collectively, gross N2O emissions were mainly driven by substrate
availability across the two contrasting agroforestry systems but microbial attributes, to some
extent, that solely functioned as mediators in regulating N2O reduction to N2.
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3.5.2. Gross N2O fluxes at depths
Contrary to our second hypothesis, soil depth did not influence gross N2O emissions and
uptake in both agroforestry systems (Figure 3.1b). In the riparian tree buffer, however, we
found a 112% increase in gross N2O emissions in topsoil relative to subsoil. It is possibly
because of the large spatial variation of gross N2O emissions in topsoil that masked the
difference between depths. In particular, gross and net N2O emissions in topsoil were largest
in the early spring than in other seasons (Figure 3.1a, e). This is in parallel by similar spatial
heterogeneity of the availability of mineral N and BDOC (Figure 3.2c, g) supported by our
SEM results (Figure 3.5b). Similar to previous findings (Liu et al., 2015), soil depths had a
significant effect on microbial population size (Figures 3.3 and 3.4), however, we did not find
any relationships between gross N2O emissions and functional gene abundance. It is possible
because microbial population size remained much more stable in response to seasonal change
relative to environmental factors. For example, soil mineral N was highest in the early spring
when the poplar leaves just started to sprout and the plant N uptake was low, and then it
decreased to summer when the leaves were flushing and plant N uptake was high, suggesting
that plant N uptake indirectly regulated gross N2O emissions. Thus, the early spring could act
as a hot moment for net N2O emissions owing to warm temperature, high WFPS, C and N
availability, and low plant N uptake. In contrast, in the well-drained tree row of alley
cropping, a similar net N2O uptake was exhibited between topsoil and subsoil where both
depths displayed very low mineral N (< 4 mg N kg-1). This net uptake may be driven by low
gross N2O emissions that were paralleled by low mineral N availability. We expect that gross
N2O emissions in topsoil should have been stimulated by higher substrate availabilities and
microbial population size. However, we did not find such results. It is possible because the
lower WFPS in topsoil (Figure 3.2b) may have offset the advantage from substrate and
microorganisms. Thus, the very low mineral N and WFPS were the predominant factors
driving low and similar gross N2O emissions between depths in the alley cropping.
In both agroforestry systems, gross N2O uptake in topsoil was not influenced by seasonal
change but affected in subsoil where the temporal variation of gross N2O uptake was
mirrored with similar seasonal changes in soil temperature, indicating that gross N2O uptake
in subsoil was more sensitive to the environmental change than topsoil. Additionally, the
higher gross N2O uptake was associated with higher temperature in spring, suggesting a
positive feedback of climate change on N2O reduction to N2 in subsoil. This is possible
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because an increase in soil temperature positively affects microbiological activity and gas
diffusion while it negatively affects the solubility of N2O (Heincke and Kaupenjohann, 1999).
Overall, gross N2O fluxes were mainly driven by environmental factors rather than microbial
attributes at depths in each agroforestry system.
3.5.3. Coupling between gross N2O fluxes and microbial population size
Finding the relationships between gross N2O fluxes, microbial community, denitrification
gene abundance, and environmental factors help to understand whether the controls of gross
N2O emissions and uptake in contrasting agroforestry systems are a physiological response in
which increased rates because of supportable environmental conditions, or a population
response in which increased rates because of an increase in denitrifiers. At present study, the
microbial community size and denitrifying gene abundances were more temporally static than
environmental factors (i.e., WFPS, C, and N availability), despite differences in these
parameters on average between the two agroforestry systems or depths (Figures 3.2, 3.3, and
3.4). No direct or indirect paths coupling between gross N2O emissions and microbial
population size detected (Figure 3.5) suggested that DNA-based gene abundances are not a
complete indicator for gross N2O emissions between the two contrasting systems or the two
soil depths, corroborating with the previous findings in an agricultural watershed in
Minnesota (Tomasek et al., 2017). Therefore, tying biogeochemical process rates to gene
abundances cannot be used blindly as a proxy for process rates since DNA-based
measurements of gene abundances indicate the size of microbial community and denitrifying
population in a soil sample instead of whether genes are actively transcribed (Tomasek et al.,
2017; Rocca et al., 2015).
3.5.4. Implication
Our findings point to substrate availability rather than microbial population size as the main
driver of gross N2O fluxes between the two agroforestry systems or depths. In subsoil, the
observed net N2O uptake indicated a greater capability of NO3--N reduction to N2 due to the
N limitation when NO3--N leached to the subsoil. Nonetheless, there were still some missing
depths between topsoil (0 – 5 cm) and subsoil (40 – 60 cm), hindering our understanding of
how depths affect gross N2O fluxes during N2O upward diffusion. The measurement
frequency of gross N2O fluxes at depths should be increased to capture hot moments and
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spots especially in the riparian tree buffer and further better constrain the contribution of
subsoils to ecosystem N loss although this area is relatively small.
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3.8. Appendix

Figure S3.1. Riparian tree buffer (a) and tree row of alley cropping (b). Four intact soil cores
(250 cm3 each) from the top 5 cm incubated in a glass desiccator (6.6 L), equipped with a
Luer-lock stopcock on the lid; 100-ml glass bottle containing gas sample for 15N2O analysis;
and 12-ml glass vial (Exetainer; Labco Limited, Lampeter, UK) for N2O, SF6, and CO2
concentration determinations
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Figure S3.2. Principle component analysis (PCA) of the composited parameters for each of the grouping factors (i.e. substrate availability,
functional gene abundance, and microbial community) that were used in the structural equation modeling separately for 0 – 5 cm across both
agroforestry systems (top panel) and riparian tree buffer across both depths (0 – 5 and 40 – 60 cm; bottom panel).
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Figure S3.3. Relationships between the PC1 scores and values of each parameter (with PCA loading >0.40) for 0 – 5 cm depth across both
agroforestry systems (a), and for the riparian tree buffer across both depths (0 – 5 and 40 – 60 cm; b).
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Figure S3.4. Spearman’s rank correlation of gross N2O emission with gross N2O uptake
across the two agroforestry systems, seasons and depths (a); Spearman’s rank correlation of
gross N2O emission with biodegradable organic C (b), total mineral N (c) and the ratio of
nosZ clade I (nosZI) to nosZ clade II (nosZII) (d) in 0 – 5 cm across the two agroforestry
systems and seasons.
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Chapter 4
Synthesis
4.1. Key findings of this thesis
4.1.1. Gross N2O fluxes in temperate cropland agroforestry and monoculture
Regarding our hypothesis, we expected that cropland agroforestry would decrease gross N2O
emissions and increase gross N2O uptake because of the existence of the unfertilized trees,
and consequently achieving the goal of N2O mitigation. However, we did not find a
significant difference between cropland agroforestry and monoculture. Nonetheless, our
study revealed that annual gross N2O emissions in the top-5 cm soil decreased by 6% to 36%
in the agroforestry (0.98–1.02 kg N2O-N ha-1 yr-1) compared to monoculture (1.04–1.59 kg
N2O-N ha-1 yr-1) although tree rows only accounted for 20% in the agroforestry. The
agroforestry tree row increased soil gross N2O uptake in the top-5 cm soil by 27% to 42%
(0.38–0.44 kg N2O-N ha-1 yr-1) compared to monoculture (0.30–0.31 kg N2O-N ha-1 yr-1). It
was the first study to measure annual gross N2O fluxes using the

15

N2O pool dilution

(15N2OPD) in agricultural soils. Thus, no comparison was conducted with other studies. The
study filled in the knowledge gap of field rates of N2O production and consumption in
response to land-use/management change. Among the controlling factors of these two cooccurring processes (Chapter 2), mineral N availability was most important for regulating
gross N2O emissions and uptake. Combined with N saturation in soils at our agroforestry
sites as shown by our previous work (Schmidt et al., 2021), reducing or optimizing fertilizer
input and adjustments of areal coverages between tree and crop rows will augment the
benefits of agroforestry in mitigating N2O emissions. Thus, our study can be as part of the
evidence in support of policy to include these ecological services in the economic valuation
of agroforestry.
4.1.2. Gross N2O fluxes in contrasting agroforestry systems
To the best of our knowledge, this study is the first to apply 15N2OPD at different soil depths
in contrasting agroforestry systems to directly quantify gross N2O emissions and uptake in
the field. Our results revealed significant differences in gross N2O emissions and uptake
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between the agroforestry systems in the topsoil (0 – 5 cm, P ≤ 0.03) but not in the subsoil (40
– 60 cm, P ≥ 0.06). Riparian tree buffer had higher gross N2O fluxes in topsoil than the tree
row of alley cropping due to higher substrate availability rather than microbial population
size. The similar gross N2O fluxes in subsoil between the two agroforestry systems were
attributed to the very low and comparable mineral N availability. Although we found
comparable gross N2O fluxes between depths in each agroforestry system, a hot moment for
gross N2O emissions was observed in the topsoil of riparian tree buffer, i.e., a large N 2O
source was detected in the early spring. Gross N2O uptake in subsoil was affected by seasonal
changes in soil temperature, indicating positive feedback of climate change on N2O reduction
to N2 in subsoil. Our study highlights the importance of substrate availability in regulating
gross N2O fluxes and a greater capability of NO3--N reduction to N2 due to N limitation in
subsoil in the two agroforestry systems. This study also emphasizes the importance of the
adoption of a relatively new technique (i.e.

15

N2OPD) to conduct field-based measurements

since the complexity of ecosystems cannot be simulated under laboratory conditions.
4.2. Linking gross N2O fluxes with functional gene abundance
According to results from Chapters 2 and 3, we did not find any relationships between gross
N2O emissions and denitrification gene abundance either across cropland agroforestry and
monoculture or separately for each management system or across contrasting agroforestry
systems at depths. These findings emphasize the importance of substrate availability and
aeration status on regulating gross N2O emissions and minimizing the role of denitrifier
population size, which conflicts with the assumption that biogeochemical process rates, e.g.
denitrification, can be predicted by the abundances of specific genes (Rocca et al., 2015).
This suggests that denitrifier abundance may become a limiting factor for gross N2O
emissions when substrate levels and anaerobic conditions already prevail. However, both
studies found that gross N2O uptake was positively correlated with nirK gene abundance in
the top-5 cm soil across the tree row of agroforestry systems or riparian tree buffer and tree
row of alley cropping. This indicates a mineral N limitation under conditions of high
available C and WFPS since denitrifiers could not gain enough energy from only NO2--toN2O reduction, and thus completed the final step of denitrification, N2O-to-N2 reduction. This
reflects the interaction between substrates and denitrifier population size because such a
relationship was not observed in crop row of agroforestry and monoculture where they
received fertilizer inputs.
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4.3. The relationships among gross N2O emission, gross N2O uptake, and net N2O flux
In Chapter 2, we found that gross N2O emissions were strongly correlated with net N2O flux,
especially in the crop row of agroforestry and monoculture (R2 ≥ 0.97) with high mineral N
level (≥ 13 mg N kg-1), indicating that net N2O emissions were mainly driven by gross N2O
emissions. In Chapter 3, although we did not find such a relationship in the riparian tree
buffer and the tree row of alley cropping, gross N2O emissions were highly correlated with
gross N2O uptake especially under the very low mineral N level (< 5 mg N kg-1) where net
N2O uptake was detected. This finding was in contrast with the studies from Yang et al.
(2011; 2016b) who found a similar correlation in a managed grassland and cropland with
high soil mineral N concentration but not in a salt marsh with low mineral N availability
where net N2O uptake occurred (Yang and Silver, 2016a). This is possible because the way
we applied the

15

N2OPD technique was different from what Yang et al. did. Yang et al.

applied the technique directly into a two-piece aluminum static flux chamber with a volume
of 17 L while we took four intact 250-cm3 soil cores of the top 5-cm depth to incubate in a 6.6
L glass desiccator. Nonetheless, these findings highlight that mineral N levels could be an
underlying controlling factor for regulating the relationships among gross N2O emission,
gross N2O uptake, and net N2O flux.
4.4. Net N2O flux
Across the 1.5-year field measurement period, net N2O flux measured by static chamber
method from our previous study (Shao et al., unpublished data) was 1 to 3 times greater than
those concurrently measured by the field soil core incubation (Table 4.1) in both management
systems, indicating the contribution of N2O emissions at lower depths. On the other hand, this
finding supported the accuracy of the

15

N2OPD technique since we obtained reasonable net

N2O flux by using the field soil core incubation in agricultural soils. Net N2O flux measured
by soil core incubation was from top-5 cm soil while net N2O flux measured by static
chamber was from the whole soil profile. For example, tree rows of both agroforestry systems
were sinks of N2O using the field core incubation in top-5 cm soil whereas a source of N2O
using the static chamber method in the soil profile (Table 4.1). Because of this, we applied
15

N2OPD into two depths (i.e. 0 – 5 and 40 – 60 cm) in the tree row of agroforestry to

investigate if subsoil contributed to more N2O emissions during its upward diffusion.
However, the results in Chapter 3 did not justify this assumption possibly because of missing
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soil depths (e.g. 5 to 40 cm soil) and limited measurements that may not have captured the
peak of N2O emissions.

Table 4.1 Mean (±SE, n = 4 plots for the Phaeozem and Cambisol soils, n = 8 plots for the
Arenosol soil) net N2O fluxes, measured in the top 5-cm depth by field incubation of intact
soil cores, and concurrent measurements on the soil surface by static chamber method from
March 2018 to September 2019 at three sites of cropland agroforestry and cropland
monocultures in Germany.
Soil type

Phaeozem

Management

Net N2O flux

Net N2O flux

system

from the top 5-cm cores

from the soil surface

(soil core incubation)

(chamber method)

(µg N m-2 h-1)

(µg N m-2 h-1)

Agroforestry

(Dornburg)

Tree row

-0.47 ± 1.08

1.58 ± 0.78

1 m crop row

3.75 ± 0.85

6.14 ± 2.73

7 m crop row

5.49 ± 3.14

12.10 ± 3.58

24 m crop row

15.46 ± 5.41

33.40 ± 12.49

9.45 ± 7.24

9.39 ± 5.19

Monoculture
Cambisol

Agroforestry

(Wendhausen)

Arenosol

Tree row

-0.72 ± 0.68

0.51 ± 1.20

1 m crop row

7.71 ± 5.08

11.99 ± 5.26

7 m crop row

9.41 ± 5.12

13.13 ± 6.13

24 m crop row

12.01 ± 6.28

14.60 ± 5.00

Monoculture

13.71 ± 6.92

17.45 ± 8.85

Monoculture

5.45 ± 3.52

18.22 ± 8.75

(Vechta)
Note. Soil net N2O fluxes measured by static chamber method were from Shao et al.
(unpublished data).

4.5. Outlook
Our research provides the first year-round quantification of gross N2O emission and uptake
using 15N2O PD for cropland agroforestry and monoculture, with key implications for support
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on GHG regulation function for policy implementation of agroforestry. Our results show for
the first time that the combination of the

15

N2O PD with modern molecular techniques can

provide a new perspective on the mechanisms that control N2O dynamics in temperate
agricultural soils. Our findings emphasize the need for additional studies on gross N2O
emission and uptake to better quantify their magnitudes and mechanisms since the 15N2O PD
technique is rarely applied in agroforestry systems. Regarding the process rates linking to
microbial population size, efforts should not only focus on denitrifiers but also ammonia
oxidizer bacteria since we cannot tell the source of N2O from the

15

N2O PD technique. We

could not quantify the contribution of N2O emissions in lower depths due to the missing
depths and limited measurements. Thus, future studies should concentrate on long-term field
studies that sample soil depth increments to better constrain the contribution of subsoils to
ecosystem N loss. This thesis also emphasizes the importance of plant uptake on indirectly
regulating gross N2O emissions. Thus, future studies can investigate the effects of different
plants (e.g., Legume vs. Non-legume) on gross N2O fluxes, thereby fully understanding
controls on N2O dynamics from interactions among microbes, soils, and plants.
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