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A B S T R A C T   

Little is known about the microscale heterogeneity of O2 and pH in the interfaces between soil and amendments. 
In this study, planar optodes were applied to continuously measure the micro-scale O2 and pH dynamics in soil 
amended with a patch of straw and its biochar. The recalcitrant biochar with high porosity had stronger capa-
bility to maintain the oxic zone around the patch area. Mainly through diffusion of alkali carbonates, the biochar 
increased the soil pH within a few hours but in constrained area (<4.5 mm from the surface of the biochar patch). 
Such high pH coupled with oxic conditions largely restricted N2O emissions in the biochar treatment. The suf-
ficient labile carbon from straw induced fast O2 consumption with microoxic development in the straw-soil 
interfaces, while its porous structure could enhance O2 diffusive inputs in the core area, therefore, the micro-
oxic area was formed as a concentric ring around the straw patch. Such enriched oxic-microoxic transient zones 
would induce nitrification coupled denitrification, which led to the high N2O emissions. Additionally, the mi-
crobial degradation of straw resulted in a pulse decline of soil pH, which possibly inhibited the N2O reductases, 
consequently enhanced N2O emissions. Those results demonstrate the contrasting effects of straw and straw 
derived biochar on microscale O2 and pH localization as well as the associated N2O emissions. It will contribute 
to a better understanding of the driving factors for N transformations on a microscale and has the potential to 
become valuable tool in environmental monitoring.   

Returning crop residue to soil is a common practice to maintain soil 
quality and improve carbon (C) sequestration in soil (Shen et al., 2014; 
Zhang et al., 2019). However, it has frequently been criticized due to its 
potential to enhance greenhouse gas (GHG) emissions from soils. One 
alternative approach, incorporating straw derived biochar to the soil, 
has already drawn extensive attentions (Palansooriya et al., 2019). As an 
organic amendment in soil, biochar could significantly impact the N 
turnover and mitigate N2O emissions from soil (Lehmann and Joseph, 
2015). One of those promising mechanisms that might explain N2O 
variations is soil aeration and pH dynamics influenced by straw/biochar 
application (Russenes et al., 2016). The interfaces between straw/bio-
char and soil particles are acknowledged as key hotspots for the GHG 
productions and emissions (Lehmann et al., 2015), however, very few 
studies have examined quantitively the spatial and temporal O2 and pH 
dynamics within such interfaces, which might lead to a very patchy 
distribution of the major N transformation processes that contribute to 
N2O emissions. The objective of this study was to investigate the 
microscale heterogeneity of O2 and pH distributions along the soil – 

straw/biochar interfaces, as well as their implications for N2O emissions. 
The sandy loam soil used in this study had organic C content 8.8 g 

kg− 1, total N 0.8 g kg− 1 and pH 7.4 (1:2.5, soil/water). The maize straw 
contained 44.3% C and 0.5% N. The biochar was obtained through 
pyrolysis of the maize straw at 500 ◦C, which had a pH of 10.1 (1:20, 
soil/water) and contained 65.1% C and 0.5% N. The plastic petri dishes 
were used as the soil containers and equipped with semi-transparent 
planar optode sensor on the bottom. The petri dish was packed with 
soil (37.0 g dry soil with a depth of 12 mm, a diameter of 55 mm) to 
reach a bulk density of 1.30 Mg m− 3. Soil was pre-incubation under 50% 
of the water holding capacity for one week prior to the experiment. Then 
it was wetted with deionised water to 85% of the water holding capacity. 
The petri dish was covered by plastic film to reduce the soil water 
evaporation, and maintain the oxygen exchange between the soil 
headspace and air with several holes in the covered film. One control 
(CON, no amendment), one straw amended treatment (ST) and one 
biochar amended treatment (BC) using the same application rate (1.0 g 
DM kg− 1 dry soil) were established. 
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The straw/biochar amended treatments were constructed by placing 
the amendments (straw or biochar) as a cylindric patch (diameter of 5 
mm) in the center of soil mesocosm. Since only three treatments could be 
monitored at the same time in our optode system, six trials were 

conducted sequentially (CON, ST and BC in triplicates): three trials for 
monitoring O2 dynamics, the other three for pH measurement. All trials 
were monitored for 36 h under room temperature of 21 ± 2 ◦C and air 
humidity of 40–60%. An additional set of incubation petri dishes were 

Fig. 1. Soil O2 dynamics after the application of straw and straw derived biochar patch. The red dotted circles indicated the locations of the biochar/straw patch. 
Images are one representative example of the three replicates. The other two replicates were shown in Fig. S2. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. Selected images of pH distribution in soil after application straw or straw derived biochar. Images are one representative example of the three replicates. The 
other two replicates were shown in Fig. S3. The black and white dotted circles are the locations of biochar and straw patch respectively. 
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prepared for the gas measurements every 6 h. Gas sampling was per-
formed by placing each petri dish in an airtight 1.5 L plastic box. At each 
sampling event, 20 mL gas was taken using a 50-mL gas-tight syringe 
from the headspace of the plastic box after 0 and 6 h. The concentrations 
of N2O were measured using gas chromatograph (Agilent 7890A, Agi-
lent Ltd., Shanghai, China). 

The applied planar optode set-up was adapted from Larsen et al. 
(2011). Briefly, the O2 specific planar optode is a sensor with a lumi-
nescent indicator Pt(II)-tetrakis(pentafluorophenyl)porphyrin (PtTFPP). 
The excitation light (550 nm) was used to emit a characteristic lumi-
nescence depending on the O2 contents. The pH specific planar optode is 
a sensor with a luminescent indicator 5-hexadecanoylaminofluorescein, 
which after light excitation (405 nm) emits a characteristic lumines-
cence depending on the pH values. The pH optode membrane was 
directly coated on the bottom of petri dishes. The O2 optode membrane 
was coated on a glass (36 mm × 36 mm), which was inserted in the 
bottom of the customized dishes, the same size as the petri dishes used 
for pH monitoring (Fig. S1). A Canon EOS 760D camera was used to 
record the luminescent signals from the optode sensors. The recorded 
images were processed using the software ImageJ (http://rsbweb.nih. 
gov/ij/). 

The straw and straw derived biochar significantly influenced the 
spatial distributions of soil O2 dynamics. With straw degradation, the 
soil O2 was consumed fast in the interfaces of straw and soil. The per-
centage of microoxic area (O2 content < 5% air saturation) (Keiluweit 
et al., 2018) in straw treatment was sharply increased after 4 h, and 
reached over 90% at the end of experiment. The products from the straw 
degradation would diffuse to the surrounding soil zones, offering suffi-
cient C sources for the microbial activities, consequently enhanced the 
soil O2 consumption, and the microoxic zone was formed as a concentric 
ring around the straw patch (Fig. 1). In the core of the straw patch, the 
O2 contents were depleted in a relatively slower rate. This is possibly due 
to the higher porosity in the straw patch, which facilitated the O2 inputs 
(diffusion from the headspace air). The higher N2O emission from straw 
treatment was closely linked with the soil microoxic area as well as the 
transient microoxic - oxic zones around the straw patch. The fast 
development of microoxic area (in the concentric ring) favored the 
denitrification, while the transient microoxic - oxic zones (the 

boundaries of concentric ring) would possibly induce the occurrence of 
nitrification coupled denitrification. Both processes could contribute to 
the high N2O emissions from straw treatment. 

While in the biochar treatment, the O2 content in the biochar patch 
decreased in the initial period, and then rose up to 30% air saturation. 
Most of the biochar C was recalcitrant, however, there were limited 
contents of labile C from biochar, which could be available for microbial 
activities, hence induce a slight decline of soil O2 initially. In the later 
stage, the porous structure of biochar was beneficial for the O2 diffusion, 
therefore, the O2 inputs into the biochar patch would be much higher 
than that in the surrounding soil. The percentage of microoxic area was 
negligible in the initial 16 h. Such enhanced soil aeration in biochar 
patch would largely restricted N2O emissions. 

Both biochar and straw patch had significant impacts on spatio-
temporal variations of soil pH (Fig. 2). Particularly, a very quick pH 
elevation was observed in the biochar patch area. The biochar influ-
encing area extended to a distance of 4.5 mm beyond the patch 
boundary after 36 h, which was 1.8 times of the biochar patch radius. 
Those pH changes were probably contributed from the readily released 
alkaline substances of biochar (Yuan et al., 2011), particularly the 
inorganic carbonates (0.32% of carbonate-C in biochar used in this 
study). At the location >5.0 mm from the biochar patch boundary, the 
pH was not significantly changed at all, indicating that the biochar in-
fluences on soil pH was limited in local zones (Buss et al., 2018). The 
influencing area of the biochar patch would be constrained mainly by 
two factors: the acid-base buffering capacity of soil and the alkalinity of 
biochar (Fidel et al., 2017). Those two factors mostly determined the 
alkalis diffusions and consumption in the biochar-soil interfaces. Addi-
tionally, water movement caused by rainfall or irrigation in the soil may 
also be a factor affecting the influencing area of biochar amendments. 
Furthermore, the biochar’s effects on soil microbial processes (i.e., N2O 
formation) would always be limited in such localized spots, namely 
charosphere. As the oxic zones in charosphere would constrain the 
denitrification, coupling with the elevated soil pH that would favour the 
reductase activities of N2O, the N2O emissions were greatly reduced in 
the biochar treatment (Cayuela et al., 2014; Obia et al., 2015). 

Contrasting to biochar, the effect of straw patch on soil pH displayed 
with a significantly different pattern. During the first 15 h of the 

Fig. 3. The percentage of micooxic area, mean soil pH (calculated from the selected soil area displayed in Figs. 1 and 2) and N2O emission rates in biochar and straw 
patch treatments. 
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experiment, straw patch decreased the pH by 1.5 unit in the patch 
center, extending to a distance of ~12.5 mm, 5 times of the straw patch 
radius. After this pH descending period, the pH of the straw patch 
increased gradually and reached to a pH value of 8.0 at the end of the 
experiment. The pH in the earlier acidified soil area had been increased 
as well. There were several pathways responsible for those soil pH 
changes: in the early stage, the direct contribution of acidic organic 
compounds contained in the straw would initially decrease the soil pH. 
Furthermore, the degradation of straw-derived DOC under O2-limited 
conditions (Fig. 1) could produce various types of organic acids (Song 
et al., 2014), which are highly mobile in soil and are capable to acidify 
the surrounding soils. Therefore, it decreased the soil pH rapidly over a 
relatively wide area. Such pH decline may inhibit the N2O reductase 
activities, therefore, the occurrence of low pH spots, coupled with the 
fast development of microoxic area, could contribute to the hot moment 
of N2O emission right after straw addition (Fig. 3) (Shaaban et al., 2018). 

Our optode study showed that application of straw and biochar 
differentially influenced the heterogeneity of O2 and pH zonation in soil- 
straw and soil-biochar interfaces. Such O2 and pH variations had con-
trolling influences on the production patterns of N2O. These results are 
highly relevant for defining the size of different microbial hot spots and 
understanding microbial driven processes in soils. Further experiments 
coupled with measurements on the gradients of substrate and microbial 
functions, such as diffusive gradients in thin films (Lehto et al., 2017), 
zymography (Ma et al., 2019), will be able to further shed light on O2 
and pH - regulated N2O productions. 
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