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Abstract

Manual measurements of nitrous oxide (N,O) emissions with static chambers are
commonly practised. However, they generally do not consider the diurnal variability
of N,O flux, and little is known about the patterns and drivers of such variability. We
systematically reviewed and analysed 286 diurnal data sets of N,O fluxes from pub-
lished literature to (i) assess the prevalence and timing (day or night peaking) of diurnal
N,O flux patterns in agricultural and forest soils, (ii) examine the relationship between
N,O flux and soil temperature with different diurnal patterns, (iii) identify whether
non-diurnal factors (i.e. land management and soil properties) influence the occur-
rence of diurnal patterns and (iv) evaluate the accuracy of estimating cumulative N,O
emissions with single-daily flux measurements. Our synthesis demonstrates that diur-
nal N,,O flux variability is a widespread phenomenon in agricultural and forest soils. Of
the 286 data sets analysed, ~80% exhibited diurnal N,O patterns, with ~60% peak-
ing during the day and ~20% at night. Contrary to many published observations, our
analysis only found strong positive correlations (R > 0.7) between N,O flux and soil
temperature in one-third of the data sets. Soil drainage property, soil water-filled pore
space (WFPS) level and land use were also found to potentially influence the occur-
rence of certain diurnal patterns. Our work demonstrated that single-daily flux meas-
urements at mid-morning yielded daily emission estimates with the smallest average
bias compared to measurements made at other times of day, however, it could still
lead to significant over- or underestimation due to inconsistent diurnal N,O patterns.
This inconsistency also reflects the inaccuracy of using soil temperature to predict
the time of daily average N, O flux. Future research should investigate the relationship
between N,O flux and other diurnal parameters, such as photosynthetically active
radiation (PAR) and root exudation, along with the consideration of the effects of soil
moisture, drainage and land use on the diurnal patterns of N,O flux. The information

could be incorporated in N,O emission prediction models to improve accuracy.
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1 | INTRODUCTION

Nitrous oxide (N2O) is a greenhouse gas (GHG) with a global warm-
ing potential 298 times that of carbon dioxide (CO,) and a lifetime of
over 110 years (Myhre et al., 2013). The atmospheric concentration
of N,O has increased from 273 ppb in 1800 to 330 ppb in 2017
(European Environment Agency, 2019) with agriculture being one
of the biggest anthropogenic sources contributing 60%-70% of an-
thropogenic N,O emissions globally (Cowan et al., 2019). According
to the Fifth Assessment by the Intergovernmental Panel on Climate
Change (IPCC) (Ciais et al., 2013), global annual estimates for N,O
emissions from soils under natural vegetation and from agriculture
are 6.6 (3.3-9.0) Tg N yr'! and 4.1 (1.7-4.8) Tg N yr'}, respectively,
equivalent to the uncertainty of +43.2% and +37.8%. There is signif-
icant potential to mitigate these agricultural N,O emissions through
improved land management (Winiwarter et al., 2018), however, the
assessment of mitigation strategies requires accurate quantification
of emissions which is currently lacking.

The temporal variability of soil N, O flux contributes significantly
to the uncertainty of emission estimates (Jungkunst et al., 2018;
Lammirato et al., 2018). The three-tier system introduced by the
IPCC classifies methodological approaches based on the quantity of
information involved, where Tier 3 approaches consist of methods
with the highest analytical complexity including direct flux measure-
ments and complex models (Bickel et al., 2006; de Klein et al., 2006).
However, these approaches generally ignore short-term temporal
(i.e. diurnal) variability of N,O flux (Giltrap et al., 2010; Grace et al.,
2020), partly due to the computational challenges imposed by higher
temporal resolutions, as well as the lack of diurnal N,O flux data to
validate the model predictions. Current guidance for measuring N,O
flux recommends that single-daily measurements are taken in mid-
morning (ca. 10:00 hr) because it corresponds closely to the time of
daily average soil temperature and thus should represent the daily
average flux if the temperature is the main driver (Charteris et al.,
2020; IAEA, 1992; de Klein & Harvey, 2015; Parkin & Venterea,
2010). However, it has been shown that diurnal variability of N,O
emissions is not solely controlled by soil temperature (Keane et al.,
2018, 2019; Shurpali et al., 2016), thus mid-morning fluxes may
not capture daily mean fluxes adequately. With exceptions such as
ECOSYS (Metivier et al., 2009), process-based simulation models of
soil N,O emissions (e.g. ECOSSE, DNDC and DAYCENT) (Cai et al.,
2003; Del Grosso et al., 2001; Smith et al., 2010) are generally not
configured to simulate diurnal variability of N,O flux, as they take
and produce daily averages of data inputs and outputs (Gilhespy
et al., 2014). In addition, the validation of model outputs is generally
limited to single-daily or weekly N,O flux measurements (Babu et al.,
2006; Bell et al., 2012; Cai et al., 2003; Necpalova et al., 2015).

Although manual N,O flux measurements at sub-daily frequen-
cies are not commonly practised due to high costs of labour and
time, they have provided evidence of diurnal variations in N,O flux
which have been shown to vary from fivefold to tenfold in magnitude
(Christensen, 1983; Dobbie & Smith, 2003; Maljanen et al., 2002;
Scheer et al., 2012; Shurpali et al., 2016; Williams et al., 1999). In

addition, there have been significant technological advances in au-
tomated chamber systems in recent years, enabling real-time, in situ
N,O flux measurements at sub-daily frequencies (Brummer et al,
2017; Keane et al., 2019). This has led to an increase in the availabil-
ity of published sub-daily N,O data across a range of agricultural and
forest soils, which can be examined to assess the prevalence and
timing of peak N,O fluxes.

Regardless of manual or automated measurements, many stud-
ies reporting sub-daily data have observed a daytime peak in N,O
fluxes, often attributed to the diurnal patterns in soil temperature
(Blackmer et al., 1982; Hosono et al., 2006; Liang et al., 2018; Scheer
et al., 2014; van der Weerden et al., 2013; Williams et al., 1999).
However, a number of studies have reported night-time peaks of
N,O flux, which were out of phase with the timing of maximum soil
temperature (Scheer et al., 2012; Shurpali et al., 2016; Smith et al.,
1998; Zona et al., 2013). The temperature sensitivity (Q,,) of soil
N,O production measured in lab studies ranges from two to three
(Christensen, 1983; Denmead et al., 1979; van der Weerden et al.,
2013), which is at odds with the observed amplitudes in diurnal N,O
fluxes (e.g. over an order of magnitude for N,O fluxes) and the associ-
ated soil temperature ranges (<10°C) in various studies (Christensen,
1983; Dobbie & Smith, 2003; Maljanen et al., 2002; Scheer et al.,
2012; Shurpali et al., 2016; Williams et al., 1999). However, there
has been very limited research on the drivers and mechanisms un-
derpinning diurnal variation in N,O fluxes, in part because the prev-
alence of diurnal N,O flux variability, as a widespread phenomenon
in global soils, has not been clearly demonstrated.

Quantifying the prevalence and understanding the drivers of
diurnal N,O flux variability would enable improvements in N,O
flux measurement strategies and N,O emission estimation models,
which are pivotal to the calculation of national N,O budgets and the
development and monitoring of N,O mitigation strategies. To our
knowledge, no study has specifically addressed this challenge. We
therefore conducted a systematic review and data synthesis of peer-
reviewed publications to address the following research questions

(RQ):

1. How common is diurnal variability in N,O flux in cropland,
grassland and forest soils, and do N,O fluxes always follow
the same pattern with a daytime peak?

2. Are soil N,O fluxes strongly correlated with soil temperature re-
gardless of the time of peaking?

3. Are diurnal N,O flux patterns strongly associated with particular
non-diurnal factors (e.g. soil abiotic properties and land use)?

4. Given that N,O fluxes vary diurnally, how representative are
single-daily measurements at mid-morning or any other time for

estimating cumulative N,O emissions?

2 | METHODS

We systematically identified peer-reviewed publications that re-
ported sub-daily N,O flux measurements from agricultural (cropland
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and grassland) and forest soils and extracted N,O flux and soil tem-
perature data, dividing the data into individual data sets of 24-hr
cycles. We first examined the prevalence of specific diurnal pat-
terns of N,O flux by normalizing the N,O fluxes of each data set
(Huang et al., 2014; Keane et al., 2018) and categorizing the data
sets into three pre-defined diurnal patterns: daytime peaking, night-
time peaking and non-diurnal (RQ1). Since the basis of the current
recommended sampling time for single-daily flux measurement re-
lies on N,O flux following the diurnal cycles of soil temperature, we
also investigated the degree of correlation between N,O flux and
soil temperature by fitting a linear regression model to each data set
and calculating the correlation coefficient (RQ2). Then, we assigned
the non-diurnal factors such as soil pH, bulk density, soil texture, N
fertilization, land-use type, soil moisture and season of flux meas-
urements provided in the literature to the corresponding data sets
and examined whether diurnal patterns are associated with particu-
lar soil properties and/or management characteristics. (RQ3). Lastly,
we compared the daily N,O emission estimates calculated from
single-daily measurements with those calculated from at least five

sub-daily measurements (RQ4).

2.1 | Literature search and inclusion criteria

A literature search was conducted on two major scientific literature
databases—'Web of Science Core Collection’ and ‘ScienceDirect'—
with the search terms list below. The 28 August 2019 was selected
as the cut-off date, no literature searches were conducted after
which.

- Title: (‘greenhouse gas’ OR ‘N20O’ OR ‘nitrous oxide’) AND (‘flux’
OR ‘fluxes’ OR ‘emission’ OR ‘emissions’)

- Abstract: ‘diurnal’ OR ‘diel’ OR ‘high frequency’ OR ‘automated’
OR ‘automatic’ OR ‘high temporal’ OR ‘highly temporal’

- Anywhere: ‘soil’ OR ‘soils’

Atotal of 314 journal articles (Web of Science: 215, ScienceDirect:
99) published between 1983 and 2019 were identified in the initial
database search. Duplicate articles (n = 83) were subsequently re-
moved, and a set of inclusion criteria to select studies eligible for
data extraction. The inclusion criteria are listed as follows:

- N,O flux measurements were performed on cropland, grassland
or forest soils;

- Five or more N,O flux measurements were taken in every 24-hr
cycle;

- The first and last measurement points of each 24-hr cycle were
within 00:00-03:59 and 20:00-23:59, respectively.

This resulted in a compilation of 46 journal articles eligible for
data extraction (detailed in Supporting Information S1) and yielded
286 diurnal data sets of N,O flux. Of the 286 data sets, 160 con-
tained soil temperature (5-10 cm) data, 157 contained soil pH data,

oo, MOEMIE

115 contained bulk density data, 175 contained soil texture data,
135 contained soil moisture data and 261 contained data of season
of flux measurements. Information on N fertilization and land use

was provided in all articles.

2.2 | Data extraction and transformation
For each selected publication, N,O flux and soil temperature (if pro-
vided) data were extracted from figures and converted into a numer-
ical format using a data recovery tool—'Engauge Digitizer’ (Mitchell
et al., 2020). Continuous time-series graphs were first divided into
individual data sets per 24-hr cycle (i.e. 00:00-23:59) with N,O flux
data standardized to ug N,O-N m~2 hr'l. Hour and minute were also
converted to decimal units (0.00-23.99 hr), where data were pre-
sented as 24-hr graphs of average or standardized N,O flux (i.e. de-
viations from daily mean N,O flux) over their measurement periods
(e.g. 10 days), data from each graph were extracted as one data set.
To investigate the diurnal patterns of N,O flux, we followed
the approach of Huang et al. (2014) and Keane et al. (2018), who
eliminated the magnitude differences between days by normaliz-
ing N,O flux for every 24 hr (each data set). Normalized N,O flux
data (N,O
equation (Equation 1):

norm) Were bound between 0.0 and 1.0 using the following

N,O; — N,O,.;
N,O - 2t 2~min , 1
27 normt NZOmax - NZOmin ( )
where N,O,_ . is the normalized N,O flux at one point in time (),
N,O, is the N,O flux at t, N,O

and N,O,_ is the maximum N,O flux in a data set.

is the minimum N,O flux in a data set,

min

2.3 | Dataanalyses
2.3.1 | Categorization of diurnal patterns of
N,O flux

To determine the prevalence of different diurnal patterns of N,O
flux (RQ1), data sets were categorized as ‘daytime peaking’, ‘night-
time peaking’ or ‘non-diurnal’ based on the following characteristics:

- Daytime peaking: N,O flux increases in the daytime and de-
creases at night-time, resembling a typical diurnal oscillation
of soil temperature;

- Night-time peaking: N, O flux decreases in daytime and increases
at night-time, acting in contrast to a typical diurnal oscillation of
soil temperature;

- Non-diurnal: N,O flux fluctuates inconsistently or shows a contin-

uous upwards or downwards trend throughout the diurnal cycle.

We developed and used three sets of objective conditions, listed
below, to categorize data sets into diurnal patterns. Data sets that
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met all the conditions in a category were classified as such. To avoid
incorrect categorization of non-diurnal data sets from a single oc-
currence of high or low flux during daytime or night-time, the con-
ditions for daytime and night-time peaking required the occurrence
of the two highest fluxes and the two lowest fluxes, respectively, to
take place within the specified time ranges. Since daytime involves
morning and afternoon, we specified the daytime range to be 04:30-
19:30 hr to capture both morning and afternoon peaking of N,O flux
and subsequently defined two subcategories (‘morning peaking’ and
‘afternoon peaking’) within the daytime peaking category. The third
condition ensured that over 50% of the total daily emission occur
in the daytime in daytime peaking data sets and vice versa in night-
time peaking data sets. Since the hours between the first and last
flux measurements in data sets were often <24 hr, we adjusted the
50% threshold for each data set using Equation (2). We then calcu-
lated the percentage of emission within three 12-hr periods (04:00-
16:00 hr, 06:00-18:00 hr and 08:00-20:00 hr). The percentages of
emission were calculated by dividing the emission within those 12-hr
periods with the total emission of the data set. The emission of each
12-hr period was computed using a trapezoidal integration function
(in R package ‘pracma’).

For the daytime peaking category, two subcategories were de-
fined to identify morning peaking and afternoon peaking of N,O
flux. The categorization conditions for each diurnal pattern are listed
below:

- Daytime peaking:

1..Both the highest and second highest N,O
04:30-19:30 hr;

2..The lowest N,O_
18:00 and 00:00 hr;

3..The percentage of emission calculated within 04:00-16:00 hr
or 08:00-20:00 hr is greater than the adjusted threshold
(Equation 2);

norm OCCUTr between

occurs between 00:00 and 09:00 or

= If the percentage of emission calculated within 04:00-
16:00 hr exceeds the threshold and the afternoon emission
percentage, the data set is considered as ‘morning peaking’;

= If the percentage of emission calculated within 08:00-
20:00 hr exceeds the threshold and the morning emission per-
centage, the data set is considered as ‘afternoon peaking’.

- Night-time peaking:

1..Both the lowest and the second lowest N,O occur be-
tween 04:30-19:30 hr;

2..The highest N,O_ is between 00:00 and 09:00 hr or 18:00
and 00:00 hr;

3..The percentage of emission calculated between 06:00 and
18:00 hr is smaller than the calculated threshold.

- Non-diurnal:

norm

1.. Data set is neither daytime peaking nor night-time peaking.

24

Adjusted threshold =
justedthresho Hours between the first and last measurement in data set x

50%.

(2)

To determine whether the types of diurnal N,O pattern are depen-
dent on the magnitude of N,O flux, data sets were categorized as
high magnitude fluxes, where the maximum N,O flux value was
2100 pg N,O-N m2 hr't, or low magnitude fluxes, where the maximum
N,O flux value was <100 pg N,O-N m 2 hr'* (Lognoul et al., 2019); and
the proportions of each diurnal pattern within these categories were
calculated.

2.3.2 | N,O flux and soil temperature

All statistical analyses of extracted data were performed in R ver-
sion 3.6.1 (© The R Foundation). The correlation between N,O flux
and soil temperature in each diurnal pattern (RQ2) was examined
by calculating the Pearson's correlation coefficients (R) between
N,O flux and soil temperature (5-10 cm soil depth) in the avail-
able data (n = 160). Additional soil temperature data points were
generated by linearly interpolating the extracted soil temperature
data. An R value between N,O flux and interpolated soil tempera-
ture was computed using the correlation function (in R package
‘ggpubr’). The data sets were then grouped according to their di-
urnal pattern.

2.3.3 | Non-diurnal factors and diurnal N,O
flux patterns

To examine whether diurnal N,O flux patterns are strongly associ-
ated with particular non-diurnal factors (RQ3), soil pH, bulk density,
soil texture, N fertilization, land-use type, soil water-filled pore space
(WFPS) and season of flux measurements data were used where
available (Table S1). Since only one of the extracted studies provided
diurnal soil moisture data corresponding to its diurnal N,O flux data
(Du et al., 2006), a point-by-point diurnal relationship between soil
moisture and N,O flux (one similar to the N,O-temperature rela-
tionship described in Section 2.3.2) could not be established and
investigated in our analysis. Given the data structures of soil mois-
ture provided by most of the studies (e.g. numerical indication of
soil moisture ranges or soil moisture variations over the entire meas-
urement period), we could only assign data sets into different soil
WEFPS level categories (i.e. <34.9%, 35%-54.9%, 55%-74.9% and
275%) according to the provided soil volumetric moisture content
or WFPS data. Volumetric moisture content data were converted to
WEFPS levels using the bulk density value of the soil. Subsequently,
the association between WFPS level category and diurnal N,O flux
pattern was examined.

Data sets originating from the same study site were assigned
the same factor values or characteristics unless specified otherwise.
To investigate the association between diurnal patterns and non-
diurnal factors, we assumed that all data sets and their diurnal pat-
terns were independent of one another and plotted the distribution
of numerical factors (i.e. pH and bulk density) in each diurnal pattern
category, or the relative frequency of diurnal patterns in categorical
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factors (i.e. soil texture, N fertilization, land use, soil WFPS level and
season).

For numeric factors, data sets of soil pH (n = 157) and bulk den-
sity (n = 115) were grouped according to their diurnal pattern cate-
gory. Boxplots showing the distribution of soil pH and bulk density in
soils exhibiting the three diurnal patterns were produced, and the in-
terquartile range and median of each category were extracted. The
significant differences in soil pH and bulk density among the day-
time peaking, night-time peaking and non-diurnal categories were
tested using the Kruskal-Wallis test.

For categorical factors (i.e. soil texture, N fertilization, land use,
WEFPS level and season), data sets were first grouped according to
their parameter category (Table 1), then the proportions of each
diurnal pattern in each parameter category were quantified and
visualized in stacked bar charts. Only one data set was collected
during winter months, it was therefore not included in the analysis
of seasonal effect on diurnal N,O flux patterns. To reduce the num-
ber of soil texture groups and better visualize the effect of soil tex-
ture, data sets were reclassified into three soil classes according to
their drainage property from the results of Groenendyk et al. (2015).
These were defined as follows:

- Well drained: sand, loamy sand and silt;
- Imperfectly drained: sandy clay loam, silty clay, silty clay loam,
silty loam and sandy loam;

- Poorly drained: clay, sandy clay, clay loam and peaty gley.

2.3.4 | Calculation of biases of cumulative N,O
emissions with single-daily measurement at different
sampling times

Using a single time-point sampling at different times of day to esti-
mate cumulative daily emissions can significantly over- or underes-
timate cumulative emissions. To assess this bias, we compared the
cumulative N,O emissions estimated by single-daily measurement
(C-N,O

NZOsub,da”y) (RQ4). Positive and negative biases indicate over- and

Single) against those estimated by sub-daily measurements (C-
underestimations of N,O emissions, respectively. As single-daily
flux measurements take place in the morning or afternoon in stand-
ard practises, five sampling times (08:00, 10:00, 12:00, 14:00 and

16:00 hr) were selected for the bias calculation. In each data set, N,O

TABLE 1 Number of data sets with categorical parameters

Soil drainage class N fertilization

Well drained Imperfectly Poorly Fertilized
drained drained
8 137 30 258
WEPS level
<34.9% 35%-54.9% 55%-74.9% 275%
27 45 57 6

S v

flux values at the five sampling times were linearly interpolated from
the sub-daily N,O fluxes provided by the database. C-N,O

at the sampling times were calculated by multiplying the interpolated

single values
N, O flux by 24, which then returned a daily C-N,O for each sampling
time in each data set. The C'Nzosub—daiw
the provided N,O fluxes using a trapezoidal integration function (in

value was calculated with

R package ‘pracma’). Since the sampling hours (i.e. number of hours
between the first and the last measurement in a day) in most data sets
were less than 24, the daily C_NZOsub»daily
rected by dividing the calculated C-N,O , ..,
the first and the last measurement and then multiplying it by 24. For
each data set, the bias between C-N,O
C-N,O

of each data set was cor-

by the hours between

single (at a sampling time) and

sub-daily Was calculated using Equation (3):

C- NZOsingIe,st -C- NZOsub-dain
C- NZOsub—dain

x 100%, (3)

biasy =

In Equation (3), bias, represents the bias of the single-daily measure-

ment at a certain sampling time, C-N,O . represents the cumu-

single,s
lative daily N,O emission calculated using interpolated N,O flux at a

certain sampling time and C-N,O represents the cumulative

sub-dail
daily N,O emission calculated with the ;yarovided N,O flux measure-
ments using trapezoidal integration.

The mean value, upper and lower confidence interval (Cl; 95%)
of each bias, from all the data sets were generated using a non-

parametric bootstrap function (in R package ‘Hmisc’) based on 1000

replications.
3 | RESULTS
3.1 | Categorization of diurnal patterns of N,O flux

Out of the 286 data sets, 173 (60.5%), 55 (19.2%) and 58 (20.3%)
were categorized as daytime peaking, night-time peaking and non-
diurnal, respectively. Within the daytime peaking data sets (n = 173),
34 (19.8%) were classified as morning peaking and 138 (80.2%) as
afternoon peaking. Daytime, afternoon peaking emissions were
therefore the most commonly occurring diurnal pattern identified
across all studies. In the high magnitude flux data sets (n = 131),
52.7% were categorized as daytime peaking, 18.3% as night-time
peaking and 29% as non-diurnal, whereas in the low magnitude flux
data sets (n = 155), 67.1% were categorized as daytime peaking, 20%

Land use
Unfertilized Cropland Grassland Forest
28 210 43 33
Season
Spring Summer Autumn
98 138 24
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as night-time peaking and 12.9% as non-diurnal. The magnitude of
N,O flux has little effect on the diurnal pattern of N,O flux. Line
plots of the N,O
are supplied in Supporting Information S2.

norm @nd categorization description of all data sets

3.2 | Relationship between N,O flux and soil
temperature

In data sets with soil temperature data (n = 160), 80.6% had positive
correlations (0.002 < R < 1.0) between N, O flux and soil temperature
at 5-10 cm depth (interpolated at N,O flux measurement times) and
19.4% had negative correlations (-0.8 < R < -0.02). Only 33.1% of
the 160 data sets showed strong positive correlations (i.e. R > 0.7).
The interquartile ranges of R values for daytime peaking, night-time
peaking and non-diurnal categories were 0.41 to 0.82, -0.19 to 0.15
and -0.03 to 0.67, respectively, whereas the median R values for
the daytime peaking, night-time peaking and non-diurnal categories
were 0.65, -0.06 and 0.32, respectively (Figure 1). This shows that
daytime peaking data sets on average had stronger correlations than
non-diurnal data sets. However, the wide range of R values in the
daytime peaking category also implies that soil temperature is not
consistently driving daytime N,O flux peaks. Additionally, night-time
peaking data sets only had a slightly negative R value on average
which indicates little correlation exists between N,O flux and soil

temperature in night-time peaking data sets.
3.3 | Non-diurnal factors and diurnal
patterns of N,O

Soil pH in available data sets (n = 157) ranged from 3.0 to 8.6
(Figure 2a). The interquartile ranges of pH for daytime peaking,

0.51

0.0

Pearson's correlation value (R)

-0.51

night-time peaking and non-diurnal categories were 5.9-7.4, 5.9-8.6
and 5.9-8.0, respectively. The median pH for the daytime peaking,
night-time peaking and non-diurnal categories were 5.9, 7.2 and
5.9, respectively. No significant difference (p = 0.42) in soil pH was
found among the diurnal pattern categories. However, the majority
of daytime peaking and non-diurnal data sets, 59.6% and 64.3%, re-
spectively, featured slightly acidic soils (i.e. pH at 5.0-7.0), with their
median pH being 5.9, whereas a large portion (58.8%) of the night-
time peaking data sets featured slightly alkaline soil (i.e. pH > 7.0)
with a median of 7.2. The outliers in all three diurnal pattern catego-
ries (at pH = 3.0) were from the same study conducted on forest soil
(Figure 2a).

Only 115 of the 286 data sets included bulk density data. The inter-
quartile ranges of bulk density for daytime peaking, night-time peaking
and non-diurnal categories were 0.92-1.21 g cm’3, 1.05-1.35 g cm™S
and 0.92-1.24 g cm™3, respectively (Figure 2b). All three categories had
the same bulk density median of 1.16 g cm™. No significant difference
(p = 0.68) in soil bulk density was detected among the diurnal pattern
categories either. Among the three soil drainage classes, both well-
drained and imperfectly drained soils were dominated by daytime
peaking data sets, accounting for 62.5% and 60.6% of the correspond-
ing soil drainage class category, respectively (Figure 3a). This was in
agreement with the findings of soil WFPS categories since data sets
with WFPS < 34.9% (n = 27) and 35%-54.9% (n = 45) both predomi-
nantly showed daytime peaking patterns, accounting for over 70% in
both WFPS level categories. Inversely, the majority of poorly drained
soils were categorized as night-time peaking data sets (66.7%). Yet
only data sets with a WFPS level of 55-74.9% showed an increasing
proportion of night-time peaking pattern (36.8%), whereas those with
WEFPS level 275% (n = 6) were dominated by daytime peaking patterns
(83.3%). However, the data sets with a WFPS level of >75% did not
provide information on their soil texture and hence did not necessarily

belong to poorly drained soils.

FIGURE 1 Differencesin the
relationship between soil temperature
and N, O fluxes in the three diurnal
pattern categories. Boxes and whiskers
represent the median (bold line in box),
upper and lower quartile (top and bottom
box line), maximum and minimum (top and
bottom whisker) of Pearson's correlation
coefficient (R) between N,O flux and soil
temperature (5-10 cm depth, interpolated
at the times of N,O flux measurement).
Circles represent the R values of individual

Daytimelpeaking Nig ht-timale peaking

Non-diurnal data sets
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FIGURE 2 Distributions of (a) soil pH (a) (b)
(h=157) and (b) bulk density (n = 115)
in the three diurnal pattern categories.
Boxes and whiskers in (a) and (b) represent 8.01
the median (bold line in box), upper 1.41 ¢ i
and lower quartile (top and bottom box
line), maximum and minimum (top and 7.04
bottom whisker) of soil pH and bulk &
density, respectively. Circles in (a) and (b) 5
represent the soil pH and bulk density L 601 g 124
values of soils from each data set B ®
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Data sets of fertilized soils (n = 258) showed a trend in diurnal
pattern proportions similar to all data sets (Section 3.1), with day-
time peaking, night-time peaking and non-diurnal data sets account-
ing for 58.9%, 20.5% and 20.5%, respectively (Figure 4a).

However, data sets of unfertilized soils (n = 28), exhibited a slightly
different trend, with a larger daytime peaking proportion (75.0%) and a
smaller night-time peaking proportion (7.1%). It should be noted that N fer-
tilization could have an autocorrelation with land use as unfertilized soils
consisted entirely of grassland (n = 14) and forest soils (n = 15). Cropland
and forest soils also exhibited proportions similar to the general ratio of

3:1:1 in diurnal patterns (Figure 4b). Cropland soils (n = 210) exhibited a
slightly lower daytime peaking proportion (55.2%) than forest soils (n = 33,
66.7%). Grassland soils (n =43), on the other hand, featured predominantly
daytime peaking data sets (81.4%) with a much lower night-time peaking
percentage (7.0%) compared to the other two land-use types. Data sets
collected in spring (n = 98) and autumn (n = 24) had similar proportions
of daytime (~50%), night-time peaking (~20%) and non-diurnal (~30%)
data sets, whereas those collected during summer months (n = 138) had
a slightly larger proportion of daytime peaking data sets (62.3%) and a
smaller proportion of non-diurnal data sets (16.7%) (Figure 4c).
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3.4 | Calculation of estimation biases by single- from sub-daily measurements (C-N, O, ;) for the 10:00 hr sam-

daily measurements

The bootstrap results (Figure 5) showed that sampling time signifi-
cantly affected the magnitude of over- or underestimation (bias %)
of cumulative N,O emissions calculated at single time points (single-
daily measurements). Cumulative N,O emissions estimated from a
were most similar to those estimated

single time point (C'Nzosing|e)

pling time, illustrated by the small mean bias value (+2.1%) and
relatively small ClI (64.9%). In comparison, earlier and later sampling
times generated greater over- or underestimation with larger uncer-
tainties ranging between 79.5% and 118.8%. A sampling at 08:00 hr
resulted in a negative mean bias of -16.6%, whereas sampling at
12:00, 14:00 and 16:00 hr resulted in positive mean biases of 32.1%,
47.7% and 58.8%, respectively.
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4 | DISCUSSION

Our data synthesis has demonstrated that diurnal variability in
N,O flux is a widespread phenomenon, with daytime peaking
dominating (~60%) across the reviewed land-use types (cropland,
grassland, and forest). However, daytime peaking was not found
in all data sets with significant proportions of night-time peaking
and non-diurnal pattern also identified, each accounting for ~20%.
The relationship between N,O flux and soil temperature was also
revealed to be variable in the analysis, which contrasts with many
literature's ascriptions of soil temperature to diurnal N,O flux vari-
ations and hints that other diurnal or non-diurnal factors may also
act as drivers or dampeners of diurnal variability. We showed that
the relative occurrence of different diurnal patterns was strongly
influenced by the drainage property of soil textural classes, with
poorly drained soils featuring a majority of night-time peaking, and
both well and imperfectly drained soils primarily exhibiting day-
time peaking.

4.1 | Daytime diurnal N,O flux variability and the
role of soil temperature

The current recommended approach to address diurnal variability of
N,O flux is to measure N,O flux at 10:00 hr or mid-morning, where
daily mean soil temperature occurs, to capture the daily mean N,O
flux (Charteris et al., 2020; de Klein & Harvey, 2015) since past litera-
ture has provided evidence supporting that N,O flux is controlled by
soil temperature (Alves et al., 2012; Parkin, 2008; Smith & Dobbie,
2001). Using sub-daily data to estimate the uncertainty introduced
by single-daily measurements revealed that the 10:00 hr recom-
mended sampling time (Charteris et al., 2020; IAEA, 1992; de Klein
& Harvey, 2015; Parkin & Venterea, 2010) would most likely cap-
ture the daily average N,O flux compared to other sampling times
since our study found diurnal N,O fluxes peaking in the afternoon
about half of the time (138 out of 286 data sets with a daytime-
afternoon peaking pattern). However, due to the variability within
the diurnal patterns of N,O flux, sampling at 10:00 hr could still lead
to significant over- or underestimation (Figure 5) when compared
against sub-daily measurements, which more accurately capture di-
urnal variations of N,O flux. This might be due to the absence of
strong positive correlations (R > 0.7) between N,O flux and soil tem-
perature in 70% of the data sets. These findings suggest that soil
temperature may not adequately represent diurnal variation in N,O
flux and imply that other diurnal variables could contribute to driving
diurnal variation in N,O flux.

A few studies have also observed diurnal peaks of N,O flux pre-
ceding those of soil temperature (e.g. morning peaking of N,O flux)
(Akiyama & Tsuruta, 2003; Keane et al., 2018; Peng et al., 2019),
and some reported a stronger relationship between N,O flux and
parameters driving photosynthesis such as solar radiation and pho-
tosynthetically active radiation (PAR) (Christensen, 1983; Keane
et al., 2018; Shurpali et al., 2016). In those studies, plant inputs of
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labile organic C via root exudation driven by PAR were proposed
as regulators of diurnal variations in N,O flux (Keane et al., 2018,
2019; Shurpali et al., 2016). The potential influence of PAR medi-
ated through plant metabolism is also supported by the study of
Zona et al. (2013), where gross primary productivity explained 73%
of diurnal N,O variations in a growing season. However, Das et al.
(2012) observed daytime peaks in N,O flux with artificial PAR oscil-
lations from bare soil in a temperature-controlled study, which they
ascribed to soil surface warming resulting from the artificial PAR
lighting. Their results, however, do not disprove the effect of root
exudation of labile C on soil N,O production, as both drivers could
coincide in vegetated soil systems. Daytime activities such as irriga-
tion, fertilization and grazing could also influence diurnal N,O flux
pattern. We found two extracted studies (data set n = 14) that per-
formed daily irrigation in the morning with one irrigated with fertil-
izer solution (Flessa et al., 2002; Hosono et al., 2006), and two other
studies (data set n = 7) that measured diurnal N,O flux on actively
grazed pastures (Wang et al., 2005; Williams et al., 1999). This could
lead to daytime peaking of N,O flux that might not be caused by
soil temperature or other potential diurnal drivers since the increase
in soil WFPS and/or N substrates (nitrate and ammonium) would
promote denitrification and hence increase N,O flux (Firestone &
Davidson, 1989). Seasonal events such as freeze-thaw could also
control the occurrence of daytime peaking of N,O flux. Peng et al.
(2019) observed morning peaking of N,O flux in a temperate forest
during a freeze-thaw period in spring, whereas afternoon peaking of
N, O flux was observed in summer. However, the relative importance
of these potential drivers to the diurnal variability of N,O flux could
not be established in this study, as it requires more comprehensive
data collection of the mentioned drivers of diurnal resolutions which

are currently unavailable.

4.2 | Night-time N,O flux diurnal variability and the
role of soil temperature

Although night-time peaking of N,O flux is uncommon (~20% of the
data sets), its occurrence also contradicts the assumption of tem-
perature as a main predictor. In a study that measured diurnal N,O
fluxes from a peaty gley soil, night-time peaking of N,O flux was
attributed to N,O being produced at depth, creating a time lag of
several hours between temperature-induced increases in N,O pro-
duction at depth and emissions at the surface (Smith et al., 1998).
However, it is generally thought that N,O production occurs mostly
in the top few centimetres of the soils, even in peat soils (Goldberg
et al, 2008; Shcherbak & Robertson, 2019; Toma et al., 2011).
Furthermore, N,O produced at depth is likely consumed during up-
ward diffusion (Goldberg et al., 2008; Van Groenigen et al., 2005),
especially under wet conditions with prolonged residence time, re-
sulting in little emission of N, O originated from deep subsurface soils
(Clough et al., 2006). It is possible that night-time peaking of N, O flux
is a result of increased N,O consumption during the daytime. Soil
oxygen (O,) availability controls N,O production (NO = N,O) and
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N,O consumption (NZO - N2), with the latter becoming more domi-
nant when O, is severely limited (Castaldi, 2000; Knowles, 1982;
McMillan et al., 2014; Morley et al., 2008; Schliter et al., 2018).
Increased O, consumption during daytime due to temperature-
induced increases in soil respiration, coupled with the lack of O, sup-
ply in soils with restricted airflow, could result in lower N,O flux
during the day. As increased soil O, consumption during daytime has
been reported in various studies (Hamerlynck et al., 2013; Lu et al.,
2013; Tang et al., 2003) and has been shown to positively correlate
with soil temperature (Chuang et al., 2004; Wang et al., 2016) and
photosynthetic rate (Neales & Davies, 1966), it is plausible that more
N,O in soils is consumed during the day than at night. This theory
could also explain the larger proportion of night-time peaking emis-
sions identified in poorly drained soils (Figure 3a), as N,O reduction
could surpass N,O production during daytime in soils with limited
air permeability. This hypothesis is also supported by evidence that
night-time peaking of N,O flux as well as N,O uptake during day-
time have been observed in vegetated wetlands featuring high per-
centages of soil WFPS and limited O, availability (Windham-Myers
et al., 2018; Yu et al., 2012). Additionally, studies have found that
plants exhibit higher uptake of soil nitrate and ammonium during the
day (GeRler et al., 2002; Macduff & Bakken, 2003; Okuyama et al.,
2015), which could also potentially contribute to the occurrence of
night-time peaking of N,,O flux due to the reduction in substrates for

nitrification and denitrification during daytime.

4.3 | Biological pathway for diurnal N,O flux
amplification

Supported by several studies (Langarica-Fuentes et al., 2018;
Oburger et al., 2014; Ueno & Ma, 2009; Wu et al., 2017), we pro-
pose a biological pathway wherein the diurnal rhythms of root exu-
dation of photosynthates could amplify diurnal N,O fluxes beyond
what can be explained by temperature alone. We suggest that root
exudation during and after the photoperiod promotes denitrification
activity and hence increases N,O production in soils. Denitrification
and nitrifier denitrification are two main microbial processes driven
by O, limitation (Bollmann & Conrad, 1998; Khalil et al., 2004; Zhu
et al., 2013) which contribute to the majority of the N,O production
in soils (Kool et al., 2010; Opdyke et al., 2009; Wrage-Monnig et al.,
2018). Reduced soil O, concentration and increased soil respiration
during daytime have been reported previously (Keane et al., 2019;
Shurpali et al., 2016; Zimmermann et al., 2009). It is likely that during
the daytime, photosynthetically assimilated C is translocated to the
plant roots and exuded into the rhizosphere, where potential deni-
trification activity is greater (Hamonts et al., 2013). Exuded C is then
rapidly respired by heterotrophs (Kelting et al., 1998; Sun etal., 2017),
which subsequently depletes O, in the soil and drives denitrifica-
tion and nitrifier denitrification. (Knowles, 1982; Wrage et al., 2001).
Several of our included studies have also shown diurnal N,O fluxes to
closely follow ecosystem respiration rates (CO, fluxes measured by
dark chambers) (Brumme & Beese, 1992; Flessa et al., 2002; Laville

et al., 2017; Maljanen et al., 2002; Savage et al., 2014), highlight-
ing the positive effects of ecosystem respiration on N,O flux. Root
exudation can also directly fuel N,O production (Azam et al., 2002;
Gillam et al., 2008; Henderson et al., 2010), as most denitrifiers and
some nitrifiers are heterotrophic and would consume the labile C
in the exudate to gain energy. However, the exact effect of photo-
synthesis on the diurnal rhythm of root exudation is only partially
understood. Although isotopic labelling experiments have reported
rapid rhizosphere respiration of assimilated C (within 2 hr) upon
plant exposure to light (Dilkes et al., 2004; Gavrichkova & Kuzyakov,
2017), various time lags from less than an hour to more than a day
between photosynthesis and soil respiration of assimilated C have
been reported (Kuzyakov & Gavrichkova, 2010). Furthermore, soil
temperature has been demonstrated to enhance root-derived C exu-
dation rates (Yin et al., 2013; Zhang et al., 2016), which could explain
the positive correlations between N,O flux and soil temperature in
some data sets. However, the temperature effects on root exudation
have been shown to vary among species (O'Leary, 1966), and the
time lag between soil temperature and root exudation is still unex-
plored thus far. Depending on the diurnal dynamics of soil O, con-
centration, N,O flux might exhibit a daytime peaking or night-time
peaking diurnal pattern. A field study in which night-time peaking
diurnal N,O patterns were observed from a poorly drained grassland
soil also provided isotopic evidence suggesting a shift from nitrifica-
tion in the early morning to denitrification in the afternoon (Yamulki
et al., 2001). This shift in soil N-cycling processes concurs with the
theory of increased root exudation of C during photoperiods pro-
moting denitrification. Nonetheless, a thorough understanding of
the diurnal behaviour of root exudation in different plant species in
different soil conditions, such as soil C and N availability and pH, is
crucial to the understanding of how plants influence the dynamics of
N,O production and consumption through root exudation with cur-
rent knowledge on this topic still limited (Kuzyakov & Gavrichkova,
2010). Furthermore, little research has been able to decouple PAR
and soil temperature to demonstrate the sole effect of PAR on N,O
flux in vegetated soil systems.

4.4 | Non-diurnal N,O flux variability and the
role of soil temperature

In the case of non-diurnal patterns, non-diurnal data sets overall
showed a weak positive correlation (0 < R < 0.7) between N,O flux
and soil temperature (Figure 1); this could be explained by the im-
mediate positive effect of N addition in some studies (Huang et al.,
2014; Kostyanovsky et al., 2019; Scheer et al., 2008). In experi-
ments, fertilization events often took place in the morning, which
resulted in a continuous increase in N,O flux in the following hours
(Kostyanovsky et al., 2019; Simek et al., 2010; Smith et al., 1998).
The upward trend of N, O flux could coincide with soil temperature
during the daytime but lasts through the evening and night, resulting
in a slight positive correlation between N,O flux and soil tempera-
ture. The rest of the non-diurnal data sets with no visible trend was
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likely due to the disruption of the diurnal N,O flux patterns caused
by rainfall (Ball et al., 1999; Charteris et al., 2020; van der Weerden
et al., 2013). It was reported that soil N,O production declines sub-
stantially when soil WFPS reaches over 80% as denitrification shifts
to completion (i.e. N,O = N,) due to soil anoxia (Congreves et al.,
2019; Davidson, 1993; Neill et al., 2005). As rainfall events do not
have a diurnal rhythm and could obstruct O, influx into the soil by in-
creasing the percentage soil WFPS, they could subsequently change
the dynamics between soil N,O production and consumption and

therefore interrupt pre-existent diurnal patterns of N,O flux.

4.5 | Non-diurnal factors and diurnal variability of
N,O flux

The data synthesis reveals that the occurrence of specific diurnal
patterns of N,O flux may also be influenced by non-diurnal factors.
Although no significant difference was found among the pH values
of diurnal pattern categories (Figure 2a), the night-time peaking
category exhibited a higher pH median value (pH = 7.2) than the
daytime peaking and non-diurnal categories (pH = 5.9) (Figure 2a).
This agrees with the findings of Hénault et al. (2019) and Cuhel et al.
(2010), which demonstrated increased N,O reduction activities (i.e.
N,O consumption) by denitrifers in alkaline conditions. Soils with
higher pH could possess higher potentials for N,O consumption and
hence increased likelihoods of night-time peaking, due to increased
soil O, depletion during daytime by increased soil respiration (Makita
et al., 2018; Tang et al., 2003), which subsequently leads to favour-
able conditions for N,O reduction (Firestone & Davidson, 1989;
Morley et al., 2008). The boxplot results of bulk density (Figure 2b)
indicated that bulk density has little association with the occurrence
of diurnal patterns, as we found similar median values and wide
spreads of interquartile ranges of bulk density among the diurnal
pattern categories with no significant difference between one an-
other. Conversely, our findings of the proportion of diurnal patterns
in soil drainage classes (Figure 3a) and WFPS levels (Figure 3b) sug-
gest that soil gas diffusivity, which is regulated by both factors, could
potentially determine the occurrence of specific diurnal patterns.
The proportion of daytime peaking in well and imperfectly drained
soils was similar to that of the overall data sets (~60%); however,
in poorly drained soils, the majority of the data sets were night-
time peaking (67%). Similarly, proportions of daytime peaking data
sets (~70%) were larger in soils with relatively low WFPS levels (i.e.
<34.9% and 35%-54.9%) than in soils with a WFPS level of 55%-
75% (47%). Night-time peaking data sets also accounted for a higher
proportion in soils with a WFPS level of 55%-75% (37%) compared
with lower WFPS levels. Conversely, a majority of daytime peaking
data sets (83%) and no night-time peaking data set were observed
in soils with a WFPS level of 275%. However, this observation is un-
likely to be conclusive given the small number of data sets with soil
WEFPS > 75% (n = 6), which originated from two studies where one
raised its soil WFPS to 80% in the morning at the start of the flux
measurements (Kostyanovsky et al., 2019), and the other conducted
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flux measurements during a freeze-thaw period (Peng et al., 2019).
Both would have led to increased soil WFPS, and thus N,O flux
during daytime. Our findings of the increase in night-time peaking
proportion in soils with reduced gas diffusivity support the theory
suggested in Section 4.2, where we highlighted the possibility of
N,O consumption overtaking N,O production during daytime under
limiting O, conditions. In this review, poorly drained soils comprised
soils with high clay or organic matter content (Section 2.2.3), which
have been shown to have lower total porosity and gas diffusivity
than well and imperfectly drained soils (Chamindu Deepagoda et al.,
2011; Moldrup et al., 2000). Likewise, an increase in WFPS reduces
the gas diffusivity of soils (Chamindu Deepagoda et al., 2011).
Multiple studies have demonstrated the effect of gas diffusivity on
N, O flux, showing increasing N,O flux when gas diffusivity reduces
from 0.03 to 0.005 and decreasing N,O flux when gas diffusivity
goes below 0.005 (Balaine et al., 2016; Chamindu Deepagoda et al.,
2019, 2020). Low gas diffusivity (<0.005) can cause O, limitation in
soil and subsequently prompt nitrifiers and denitrifiers to shift from
N,O production to consumption (Balaine et al., 2016; Bollmann &
Conrad, 1998; Sutka et al., 2006). Since soil O, is less readily replen-
ished in poorly drained soils and in soils with high WFPS, localized
soil anoxia, where N,O reduction overrides N,O production, is likely
to develop in these soils during daytime when soil respiration rate
increases (Keane & Ineson, 2017; Makita et al., 2018; Tang et al.,
2005). However, we have not found any study that examined the
effects of soil texture on the diurnal dynamics of soil O, concentra-
tion under the same conditions (e.g. bulk density, volumetric water
content and vegetation), which leaves the relationship between soil
texture and diurnal N,O patterns still unclear. In addition, while the
general regulatory effect of soil moisture and WFPS on N,O flux is
well studied (Schindlbacher et al., 2004), there is still little research
focused on diurnal variations in soil moisture, along with its interac-
tions with other diurnal variables such as soil temperature and soil
respiration, leading to its effect on diurnal N,,O fluxes. For example,
Denmead et al. (2010) observed diurnal oscillations of soil WFPS
inverse to those of soil temperature, which could dampen the tem-
perature effect on diurnal N,O fluxes. Therefore, we suggest future
research should collect diurnal data of soil moisture or WFPS, soil
temperature, and N, O flux from soils of different textures and drain-
age properties to investigate the interactive effects of soil physical
factors on diurnal N,O fluxes.

Nitrogen fertilization is another non-diurnal factor that was ex-
pected to have an effect on diurnal N,O patterns since many studies
reported daytime peaking diurnal patterns only after the application
of N fertilizers (Laville et al., 2017; Lognoul et al., 2019; Shurpali et al.,
2016; Skiba et al., 1996). Yet, our findings (Figure 4a) show daytime
peaking diurnal patterns occur more often in unfertilized soils than
in fertilized soils, indicating that high soil N levels do not cause day-
time peaking diurnal patterns. This is reiterated with the higher per-
centages of daytime peaking in low magnitude flux data sets (67%)
than in high magnitude flux data sets (53%) (Section 3.1). Land-use
type has also been shown to govern the diurnal patterns of N,O flux.
Higher proportions of daytime peaking emissions were recorded in



WU ET AL.

=L v Y

data sets with grassland (81%) and forest (67%) soils compared with
cropland (55%) soils (Figure 4b). Very little literature has reported
the direct relationship between land use and the diurnal pattern of
N, O flux. One study that was conducted on a field consisting of two
established land-use systems (pasture and cropland) found greater
gas diffusivity in the pasture than in the cropland (Kreba et al., 2017).
This suggests that land use could indirectly influence the occurrence
of diurnal N,O patterns through changing the soil gas exchange dy-
namics. Future research should include similar experiments to test
the effects of land use on the diurnal patterns of N,O flux. Despite
similar proportions of diurnal N,O flux patterns being found among
three seasons (Figure 4c), most of the diurnal N,O flux data sets
were collected during summer (n = 138) and spring (n = 98) months,
with only a small number of data sets collected in autumn (n = 24)
and winter (n = 1) months. This may have resulted in a potential bias
in the overall diurnal patterns of N,O flux, as those in winter were
not analysed due to the lack of data.

4.6 | Potential bias of single-daily measurements

As discussed in Section 4.1, N, O flux does not always follow the di-
urnal oscillation of soil temperature. Measuring N,O flux at times of
daily average soil temperature might not capture the daily average
N,O flux and could lead to over- or underestimation of daily fluxes.
Our analysis (Figure 5) confirmed that 10:00 hr was the optimal
sampling time as it resulted in the smallest magnitude of under- or
overestimation. This agrees with the recommended time of sampling
suggested by several publications. However, there was still a signifi-
cant uncertainty (Cl ranged between -29% and +35%) as the single
time-point sampling failed to capture the inconsistent occurrence of
diurnal variations in N,O flux. Most studies that suggested a recom-
mended time of sampling based their extrapolations on their sub-daily
N,O flux measurement campaign(s) on a single field site which usually
exhibited a more-or-less consistent diurnal pattern of N,O flux for the
duration of the campaign(s), which is often the duration of a season
(Chang et al., 2016; Reeves & Wang, 2015; Savage et al., 2014; van
der Weerden et al., 2013). However, some studies have shown dif-
ferences in the diurnal behaviour of N,O flux at different sites (Alves
etal.,, 2012; Smith et al., 1998) and times of year (Shurpali et al., 2016;
Zona et al., 2013). Besides, studies have also provided different rec-
ommended times of sampling. For instance, Parkin (2008) who meas-
ured N,O emissions from cropland found sampling at 12:00 hr would
only be 8% higher than the daily mean N,O flux; whereas Smith and
Dobbie (2001) measured N,O emissions from two grassland sites and
suggested sampling to take place at 03:00, 11:00 and 19:00 hr, as it
produced N, O flux representative of the daily mean. This could be the
result of varying diurnal patterns of N,O flux in different ecosystems
which further underlines the potential uncertainty of single-daily N,O
flux measurements. Hence, sub-daily flux measurements should be
employed when possible to account for the diurnal variability of N,O

flux and accurately measure cumulative N,O emissions.

5 | CONCLUSION

Our work has, for the first time, conclusively demonstrated that
diurnal variability of N,O flux is a widespread phenomenon across
agricultural and forest soils. Daytime peaking of N,O flux was the
most common diurnal pattern observed, but it did not consistently
occur across soil drainage classes, soil WFPS levels, N fertilization
status, seasons and land-use types. This analysis has shown that
single-daily measurements produce emission estimations with
large uncertainties due to the inconsistency in diurnal N,O flux
patterns, with soil temperature only partially explaining diurnal
variations in N,O flux. There is a paucity of published data on di-
urnal variables (e.g. PAR, plant C inputs, soil moisture and N sub-
strates) which may interact to influence diurnal N,O fluxes, and
this limits our understanding of the drivers of diurnal N,O fluxes.
The interactive effects of these variables as well as other non-
diurnal factors (e.g. land use and soil drainage property) on diurnal
N,O flux variations need to be addressed in future research. At
present, analyses of the drivers of diurnal N,O flux variability are
limited by the lack of diurnal data on soil inorganic N content, soil
labile C content and soil moisture. Collection and incorporation
of such data into analyses of diurnal N,O flux in future research
will help address this and better predict the diurnal variability of
N,O flux.

Without a comprehensive understanding of the drivers of diur-
nal N,O fluxes, our current ability to accurately model and upscale
diurnal N,O fluxes are limited. We do not know the persistence and
occurrence of diurnal N,O flux patterns over entire crop life cycles
or seasons. In addition, the significance of diurnal variability of N,O
flux is still not acknowledged or addressed in national and global
GHG emission reporting, contributing to N,O emission estimate un-
certainties and hindering the development of mitigation strategies.
Nevertheless, recent developments in real-time monitoring of GHG
fluxes have increased the availability of sub-daily N,O flux data. This
will play a key role in improving the accuracy of current model pre-
dictions of N,O emission through emergent research on the diurnal
variability of N,O flux.

ACKNOWLEDGEMENTS

YFW was funded by the Natural Environment Research Council
(NERC) ACCE Doctoral Training Programme with CASE co-funding
by Shell International Exploration and Production Inc. The con-
tributions by NM, JW and ST were funded by the NERC project
Diurnal Variation in Soil Nitrous oxide Emissions (DIVINE): drivers
and mechanisms (NE/V000837/1). NM was also funded under re-
search programme NE/N018125/1 ASSIST—Achieving Sustainable
Agricultural Systems www.assist.ceh.ac.uk. ASSIST is an initiative
jointly supported by NERC and the Biotechnology and Biological
Sciences Research Council (BBSRC). Additionally, the main author
would like to thank Dr. Aidan Keith, Dr. Sam Robinson, Ms. Rachel
Gunn and Mr. Aneurin O’Neil for their inputs and discussions on this

manuscript.



WU ET AL.

ORCID

Yuk-Faat Wu "2 https://orcid.org/0000-0002-0729-7842
Jeanette Whitaker "= https://orcid.org/0000-0001-8824-471X
https://orcid.org/0000-0001-7657-4607
https://orcid.org/0000-0003-1062-4768
https://orcid.org/0000-0003-1316-7291
https://orcid.org/0000-0002-5143-5819

Sylvia Toet

Amy Bradley
Christian A. Davies
Niall P. McNamara

REFERENCES

Akiyama, H., & Tsuruta, H. (2003). Effect of organic matter applica-
tion on N,O, NO, and NO, fluxes from an Andisol field. Global
Biogeochemical Cycles, 17(4). https://doi.org/10.1029/2002G
B002016

Alves, B. J.R., Smith, K. A., Flores, R. A, Cardoso, A. S., Oliveira, W.R. D.,
Jantalia, C. P, Urquiaga, S., & Boddey, R. M. (2012). Selection of the
most suitable sampling time for static chambers for the estimation
of daily mean N,O flux from soils. Soil Biology & Biochemistry, 46,
129-135. https://doi.org/10.1016/j.s0ilbio.2011.11.022

Azam, F., Miiller, C., Weiske, A., Benckiser, G., & Ottow, J. (2002). Nitrification
and denitrification as sources of atmospheric nitrous oxide - role of ox-
idizable carbon and applied nitrogen. Biology and Fertility of Soils, 35(1),
54-61. https://doi.org/10.1007/s00374-001-0441-5

Babu, Y. J.,, Li, C., Frolking, S., Nayak, D. R., & Adhya, T. K. (2006).
Field Validation of DNDC Model for Methane and Nitrous Oxide
Emissions from Rice-based Production Systems of India. Nutrient
Cycling in Agroecosystems, 74(2), 157-174. https://doi.org/10.1007/
s10705-005-6111-5

Balaine, N., Clough, T. J., Beare, M. H., Thomas, S. M., & Meenken, E.
D. (2016). Soil Gas Diffusivity Controls N,O and N2 Emissions and
their Ratio. Soil Science Society of America Journal, 80(3), 529-540.
https://doi.org/10.2136/ss5aj2015.09.0350

Ball, B. C., Scott, A., & Parker, J. P. (1999). Field N,O, CO, and CH, fluxes
in relation to tillage, compaction and soil quality in Scotland. Soil
and Tillage Research, 53(1), 29-39. https://doi.org/10.1016/50167
-1987(99)00074-4

Bell, M., Jones, E., Smith, J., Smith, P., Yeluripati, J., Augustin, J.,
Juszczak, R., Olejnik, J., & Sommer, M. (2012). Simulation of soil
nitrogen, nitrous oxide emissions and mitigation scenarios at 3
European cropland sites using the ECOSSE model. Nutrient Cycling
in Agroecosystems, 92, 161-181. https://doi.org/10.1007/s1070
5-011-9479-4

Bickel, K., Richards, G., Kéhl, M., Rodrigues, R. L. V., & Stahl, G. (2006).
Chapter 3: Consistent Representation of Lands (2006 IPCC Guidelines
for National Greenhouse Gas Inventories, Volume 4 - Agriculture,
Forestry and Other Land Use, Issue). I. f. G. E. Strategies.

Blackmer, A.M., Robbins, S. G., & Bremner, J. M. (1982). Diurnal Variability
in Rate of Emission of Nitrous-Oxide from Soils. Soil Science Society
of America Journal, 46(5), 937-942. https://doi.org/10.2136/sssaj
1982.03615995004600050011x

Bollmann, A., & Conrad, R. (1998). Influence of O2 availabil-
ity on NO and N,O release by nitrification and denitrifica-
tion in soils. Global Change Biology, 4(4), 387-396. https://doi.
org/10.1046/j.1365-2486.1998.00161.x

Brumme, R., & Beese, F. (1992). Effects of liming and nitrogen-fertilization
on emissions of CO, and N,O from a temporate forest. Journal of
Geophysical Research-Atmospheres, 97(D12), 12851-12858. https://
doi.org/10.1029/92)D01217

Brummer, C., Lyshede, B., Lempio, D., Delorme, J. P, Ruffer, J. J., Fuss,
R., Moffat, A. M., Hurkuck, M., Ibrom, A., Ambus, P., Flessa, H., &
Kutsch, W. L. (2017). Gas chromatography vs. quantum cascade
laser-based N,O flux measurements using a novel chamber de-
sign. Biogeosciences, 14(6), 1365-1381. https://doi.org/10.5194/
bg-14-1365-2017

S ey L

Cai, Z., Sawamoto, T., Li, C., Kang, G., Boonjawat, J., Mosier, A.,
Wassmann, R., & Tsuruta, H. (2003). Field validation of the DNDC
model for greenhouse gas emissions in East Asian cropping systems.
Global Biogeochemical Cycles, 17(4). https://doi.org/10.1029/2003g
b002046

Castaldi, S. (2000). Responses of nitrous oxide, dinitrogen and carbon
dioxide production and oxygen consumption to temperature in
forest and agricultural light-textured soils determined by model
experiment. Biology and Fertility of Soils, 32(1), 67-72. https://doi.
org/10.1007/s003740000218

Chamindu Deepagoda, T. K. K., Clough, T., Jayarathne, N., Thomas, S., &
Elberling, B. (2020). Soil-gas diffusivity and soil-moisture effects on
N,O emissions from repacked pasture soils. Soil Science Society of
America Journal, 84. https://doi.org/10.1002/saj2.20024

Chamindu Deepagoda, T. K. K., Jayarathne, N., Clough, T., Thomas, S.,
& Elberling, B. (2019). Soil-gas diffusivity and soil-moisture ef-
fects on N,O emissions from intact SOIL-GAS DIFFUSIVITY AND
SOIL-MOISTURE EFFECTS ON N,O EMISSIONS FROM INTACT
PASTURE SOILS. Soil Science Society of America Journal. https://doi.
org/10.2136/ss52j2018

Chamindu Deepagoda, T. K. K., Moldrup, P., Schjgnning, P., de Jonge,
L. W., Kawamoto, K., & Komatsu, T. (2011). Density-Corrected
Models for Gas Diffusivity and Air Permeability in Unsaturated
Soil. Vadose Zone Journal, 10(1), 226-238. https://doi.org/10.2136/
vzj2009.0137

Chang, J., Clay, D., Clay, S., Chintala, R., Miller, J., & Schuacher, T. (2016).
Biochar reduced nitrous oxide and carbon dioxide emissions from
soil with different water and temperature cycles. Agronomy Journal,
108, 2214. https://doi.org/10.2134/agronj2016.02.0100.

Charteris, A. F., Chadwick, D. R., Thorman, R. E., Vallejo, A., de Klein,
C. A. M,, Rochette, P., & Cardenas, L. M. (2020). Global Research
Alliance N,O chamber methodology guidelines: Recommendations
for deployment and accounting for sources of variability. Journal of
Environmental Quality, 49(5), 1092-1109. https://doi.org/10.1002/
jeq2.20126

Christensen, S. (1983). Nitrous oxide emission from a soil under per-
manent grass: Seasonal and diurnal fluctuations as influenced by
manuring and fertilization. Soil Biology and Biochemistry, 15(5), 531-
536. https://doi.org/10.1016/0038-0717(83)90046-9

Chuang, S. C., Lee, H., & Chen, J. H. (2004). Diurnal rhythm and effect
of temperature on oxygen consumption in earthworms, Amynthas
gracilis and Pontoscolex corethrurus. Journal of Experimental
Zoology Part A: Comparative Experimental Biology, 301A(9), 737-744.
https://doi.org/10.1002/jez.a.96

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra,
A., DeFries, R., Galloway, J., Heimann, M., Jones, C., Le Quéré, C.,
Myneni, R. B., Piao, S., & Thornton, P. (2013). Carbon and other bio-
geochemical cycles (Climate Change 2013: The Physical Science
Basis). Contribution of Working Group | to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change, Issue.
C. U. Press.

Clough, T.J., Kelliher, F. M., Wang, Y. P., & Sherlock, R. R. (2006). Diffusion
of 15N-labelled N,O into soil columns: A promising method to ex-
amine the fate of N,O in subsoils. Soil Biology and Biochemistry,
38(6), 1462-1468. https://doi.org/10.1016/j.s0ilbio.2005.11.002

Congreves, K. A,, Phan, T., & Farrell, R. E. (2019). A new look at an old
concept: Using 15N20 isotopomers to understand the relationship
between soil moisture and N,O production pathways. SOIL, 5(2),
265-274. https://doi.org/10.5194/s0il-5-265-2019

Cowan, N., Levy, P, Drewer, J., Carswell, A., Shaw, R., Simmons, |., Bache,
C., Marinheiro, J., Brichet, J., Sanchez-Rodriguez, A. R., Cotton,
J., Hill, P. W,, Chadwick, D. R., Jones, D. L., Misselbrook, T. H., &
Skiba, U. (2019). Application of Bayesian statistics to estimate ni-
trous oxide emission factors of three nitrogen fertilisers on UK
grasslands. Environment International, 128, 362-370. https://doi.
org/10.1016/j.envint.2019.04.054



WU ET AL.

v v Y

Cuhel, J., Simek, M., Laughlin, R. J., Bru, D., Chéneby, D., Watson, C. J., &
Philippot, L. (2010). Insights into the effect of soil pH on N,O and
N, emissions and denitrifier community size and activity. Applied
and Environmental Microbiology, 76(6), 1870-1878. https://doi.
org/10.1128/aem.02484-09

Das, B. T., Hamonts, K., Moltchanova, E., Clough, T. J., Condron, L. M.,
Wakelin, S. A., & O'Callaghan, M. (2012). Influence of photosyn-
thetically active radiation on diurnal N,O emissions under ruminant
urine patches. New Zealand Journal of Agricultural Research, 55(4),
319-331. https://doi.org/10.1080/00288233.2012.697068

Davidson, E. A. (1993). Soil water content and the ratio of nitrous oxide to
nitric oxide emitted fromsoil.InR.S. Oremland (Ed.), Biogeochemistry
of global change: Radiatively active trace gases selected papers from
the Tenth International Symposium on Environmental Biogeochemistry,
San Francisco, August 19-24, 1991 (pp. 369-386). Springer US.
https://doi.org/10.1007/978-1-4615-2812-8_20

de Klein, C., & Harvey, M. (2015). Nitrous oxide chamber methodology
guidelines. Ministry for Primary Industries. https://repository.rotha
msted.ac.uk/download/9eb33a8d5462e4927198b472817615
56e85601731179faac0144e3f532a8b333/2708707/Chamber-
Methodology-Guidelines-Final-V1.1-2015.pdf

de Klein, C., Novoa, R. S. A, Ogle, S., Smith, K. A, Rochette, P., Wirth, T.
C., McConkey, B. G., Mosier, A., Rypdal, K., Walsh, M., & Williams,
S. A. (2006). N,O emissions from managed soils, and CO, emissions
from lime and urea application (volume 4: Agriculture, Forestry and
Other Land Use). IPCC Guidelines for National Greenhouse Gas
Inventories. Issue. I. f. G. E. Strategies.

Del Grosso, S. J., Parton, W. J., Mosier, A. R., Hartman, M., Brenner, J.,
Ojima, D., & Schimel, D. (2001). Simulated interaction of carbon dy-
namics and nitrogen trace gas fluxes using the DAYCENT model (pp.
303-332). https://doi.org/10.1201/9781420032635.ch8

Denmead, O., Freney, J., & Simpson, J. (1979). Studies of nitrous oxide
emission from a grass sward. Soil Science Society of America Journal
- S5SAJ, 43. https://doi.org/10.2136/s552j1979.036159950043000
40020x

Denmead, O. T., Macdonald, B. C. T.,, Bryant, G., Naylor, T., Wilson, S.,
Griffith, D. W. T., Wang, W. J., Salter, B., White, I., & Moody, P. W.
(2010). Emissions of methane and nitrous oxide from Australian
sugarcane soils. Agricultural and Forest Meteorology, 150(6), 748-
756. https://doi.org/10.1016/j.agrformet.2009.06.018.

Dilkes, N. B., Jones, D. L., & Farrar, J. (2004). Temporal dynamics of car-
bon partitioning and rhizodeposition in wheat [Research Support,
Non-U.S. Gov't]. Plant Physiology, 134(2), 706-715. https://doi.
org/10.1104/pp.103.032045

Dobbie, K. E., & Smith, K. A. (2003). Nitrous oxide emission factors for ag-
ricultural soils in Great Britain: The impact of soil water-filled pore
space and other controlling variables. Global Change Biology, 9(2),
204-218. https://doi.org/10.1046/j.1365-2486.2003.00563.x

Du,R., Lu,D.R., & Wang, G. C. (2006). Diurnal, seasonal, and inter-annual
variations of N,O fluxes from native semi-arid grassland soils of
inner Mongolia. Soil Biology & Biochemistry, 38(12), 3474-3482.
https://doi.org/10.1016/j.s0ilbio.2006.06.012

European Environment Agency. (2019). Trends in atmospheric concentra-
tions of CO, (ppm), CH, (ppb) and N,O (ppb), between 1800 and 2017.
European Environment Agency.

Firestone, M., & Davidson, E. (1989). Microbiological basis of NO and
N,O production and consumption in soil. In M. O. Andreae & D. S.
Schimel (Eds.), Exchange of trace gases between terrestrial ecosystems
and the atmosphere (pp. 7-21). John Wiley and Sons.

Flessa, H., Potthoff, M., & Loftfield, N. (2002). Greenhouse estimates of
CO, and N, O emissions following surface application of grass mulch:
Importance of indigenous microflora of mulch. Soil Biology & Biochemistry,
34(6), 875-879. https://doi.org/10.1016/50038-0717(02)00028-7

Gavrichkova, O., & Kuzyakov, Y. (2017). The above-belowground cou-
pling of the C cycle: Fast and slow mechanisms of C transfer for root

and rhizomicrobial respiration. Plant and Soil, 410(1), 73-85. https://
doi.org/10.1007/s11104-016-2982-2

GeBler, A, Kreuzwieser, J., Dopatka, T., & Rennenberg, H. (2002). Diurnal
courses of ammonium net uptake by the roots of adult beech (Fagus
sylvatica) and spruce (Picea abies) trees. Plant and Soil, 240(1), 23-
32. https://doi.org/10.1023/A:1015831304911

Gilhespy, S. L., Anthony, S., Cardenas, L., Chadwick, D., del Prado, A.,
Li, C., Misselbrook, T., Rees, R. M., Salas, W., Sanz-Cobena, A.,
Smith, P., Tilston, E. L., Topp, C. F. E., Vetter, S., & Yeluripati, J. B.
(2014). First 20 years of DNDC (DeNitrification DeComposition):
Model evolution. Ecological Modelling, 292, 51-62. https://doi.
org/10.1016/j.ecolmodel.2014.09.004

Gillam, K. M., Zebarth, B. J., & Burton, D. L. (2008). Nitrous oxide emis-
sions from denitrification and the partitioning of gaseous losses as
affected by nitrate and carbon addition and soil aeration. Canadian
Journal of Soil Science, 88(2), 133-143. https://doi.org/10.4141/
CJSS06005

Giltrap, D. L., Li, C. S., & Saggar, S. (2010). DNDC: A process-based
model of greenhouse gas fluxes from agricultural soils. Agriculture
Ecosystems & Environment, 136(3-4), 292-300. https://doi.
org/10.1016/j.agee.2009.06.014

Goldberg, S. D., Knorr, K.-H., & Gebauer, G. (2008). N,O concentration
and isotope signature along profiles provide deeper insight into the
fate of N,O in soils. Isotopes in Environmental and Health Studies,
44(4), 377-391. https://doi.org/10.1080/10256010802507433

Grace, P. R., van der Weerden, T. J., Rowlings, D. W., Scheer, C., Brunk,
C., Kiese, R., Butterbach-Bahl, K., Rees, R. M., Robertson, G. P.,, &
Skiba, U. M. (2020). Global Research Alliance N,O chamber meth-
odology guidelines: Considerations for automated flux measure-
ment. Journal of Environmental Quality, 49(5), 1126-1140. https://
doi.org/10.1002/jeq2.20124

Groenendyk, D. G., Ferré, T. P. A., Thorp, K. R., & Rice, A. K. (2015).
Hydrologic-process-based soil texture classifications for improved
visualization of landscape function. PLoS ONE, 10(6), e0131299.
https://doi.org/10.1371/journal.pone.0131299

Hamerlynck, E., Scott, R., Sanchez-Cafete, E., & Barron-Gafford, G.
(2013). Nocturnal soil CO, uptake and its relationship to subsur-
face soil and ecosystem carbon fluxes in a Chihuahuan Desert shru-
bland. Journal of Geophysical Research: Biogeosciences, 118. https://
doi.org/10.1002/2013JG002495

Hamonts, K., Clough, T. J., Stewart, A., Clinton, P. W., Richardson,
A. E., Wakelin, S. A., O'Callaghan, M., & Condron, L. M. (2013).
Effect of nitrogen and waterlogging on denitrifier gene abun-
dance, community structure and activity in the rhizosphere of
wheat. FEMS Microbiology Ecology, 83(3), 568-584. https://doi.
org/10.1111/1574-6941.12015

Hénault, C., Bourennane, H., Ayzac, A., Ratié, C., Saby, N. P. A., Cohan,
J.-P., Eglin, T., & Gall, C. L. (2019). Management of soil pH pro-
motes nitrous oxide reduction and thus mitigates soil emissions
of this greenhouse gas. Scientific Reports, 9(1), 20182. https://doi.
org/10.1038/s41598-019-56694-3

Henderson, S. L., Dandie, C. E., Patten, C. L., Zebarth, B. J., Burton, D. L.,
Trevors, J. T., & Goyer, C. (2010). Changes in denitrifier abundance,
denitrification gene mRNA levels, nitrous oxide emissions, and de-
nitrification in anoxic soil microcosms amended with glucose and
plant residues. Applied and Environmental Microbiology, 76(7), 2155.
https://doi.org/10.1128/AEM.02993-09

Hosono, T., Hosoi, N., Akiyama, H., & Tsuruta, H. (2006). Measurements
of N,O and NO emissions during tomato cultivation using a flow-
through chamber system in a glasshouse. Nutrient Cycling in
Agroecosystems, 75(1-3), 115-134. https://doi.org/10.1007/s1070
5-006-9016-z

Huang, H., Wang, J., Hui, D., Miller, D. R., Bhattarai, S., Dennis, S., Smart,
D., Sammis, T., & Reddy, K. C. (2014). Nitrous oxide emissions
from a commercial cornfield (Zea mays) measured using the eddy



WU ET AL.

covariance technique. Atmospheric Chemistry and Physics, 14(23),
12839-12854. https://doi.org/10.5194/acp-14-12839-2014.

IAEA. (1992). Manual on measurement of methane and nitrous oxide emis-
sions from agriculture. A joint undertaking by the Food and Agriculture
Organization of the United Nations and the International Atomic
Energy Agency. IAEA.

Jungkunst, H. F., Meurer, K. H. E., Jurasinski, G., Niehaus, E., & Glinther,
A. (2018). How to best address spatial and temporal variability of
soil-derived nitrous oxide and methane emissions. Journal of Plant
Nutrition and Soil Science, 181(1), 7-11. https://doi.org/10.1002/
jpIn.201700607

Keane, B., Ineson, P., Vallack, H. W., Blei, E., Bentley, M., Howarth,
S., McNamara, N. P.,, Rowe, R. L., Williams, M., & Toet, S. (2018).
Greenhouse gas emissions from the energy crop oilseed rape
(Brassica napus); the role of photosynthetically active radiation in
diurnal N,O flux variation. Global Change Biology Bioenergy, 10(5),
306-319. https://doi.org/10.1111/gcbb.12491

Keane, J. B., & Ineson, P. (2017). Technical note: Differences in the diur-
nal pattern of soil respiration under adjacent Miscanthus x giganteus
and barley crops reveal potential flaws in accepted sampling strat-
egies. Biogeosciences, 14(5), 1181-1187. https://doi.org/10.5194/
bg-14-1181-2017

Keane, J. B., Morrison, R., McNamara, N. P., & Ineson, P. (2019). Real-
time monitoring of greenhouse gas emissions with tall chambers
reveals diurnal N,O variation and increased emissions of CO, and
N,O from Miscanthus following compost addition. GCB Bioenergy,
11(12), 1456-1470. https://doi.org/10.1111/gcbb.12653

Kelting, D. L., Burger, J. A., & Edwards, G. S. (1998). Estimating root res-
piration, microbial respiration in the rhizosphere, and root-free soil
respiration in forest soils. Soil Biology and Biochemistry, 30(7), 961~
968. https://doi.org/10.1016/50038-0717(97)00186-7

Khalil, K., Mary, B., & Renault, P. (2004). Nitrous oxide production by
nitrification and denitrification in soil aggregates as affected by
O, concentration. Soil Biology and Biochemistry, 36(4), 687-699.
https://doi.org/10.1016/].s0ilbio.2004.01.004

Knowles, R. (1982). Denitrification. Microbiological Reviews, 46(1), 43-70.
https://doi.org/10.1128/mr.46.1.43-70.1982

Kool, D. M., Wrage, N., Zechmeister-Boltenstern, S., Pfeffer, M., Brus, D.,
Oenema, O., & Van Groenigen, J. W. (2010). Nitrifier denitrification
can be a source of N,O from soil: A revised approach to the dual-
isotope labelling method. European Journal of Soil Science, 61(5),
759-772. https://doi.org/10.1111/j.1365-2389.2010.01270.x

Kostyanovsky, K. I., Huggins, D. R., Stockle, C. O., Morrow, J. G., &
Madsen, I. J. (2019). Emissions of N,O and CO, following short-
term water and N fertilization events in wheat-based cropping sys-
tems. Frontiers in Ecology and Evolution, 7. https://doi.org/10.3389/
fevo.2019.00063

Kreba, S. A., Wendroth, O., Coyne, M. S., & Walton, R. (2017). Soil gas
diffusivity, air-filled porosity, and pore continuity: Land use and
spatial patterns. Soil Science Society of America Journal, 81(3), 477-
489. https://doi.org/10.2136/sssaj2016.10.0344

Kuzyakov, Y., & Gavrichkova, O. (2010). REVIEW: Time lag between pho-
tosynthesis and carbon dioxide efflux from soil: A review of mech-
anisms and controls. Global Change Biology, 16(12), 3386-3406.
https://doi.org/10.1111/j.1365-2486.2010.02179.x

Lammirato, C., Lebender, U., Tierling, J., & Lammel, J. (2018). Analysis
of uncertainty for N,O fluxes measured with the closed-chamber
method under field conditions: Calculation method, detection limit,
and spatial variability. Journal of Plant Nutrition and Soil Science,
181(1), 78-89. https://doi.org/10.1002/jpIn.201600499

Langarica-Fuentes, A., Manrubia, M., Giles, M. E., Mitchell, S., & Daniell,
T. J. (2018). Effect of model root exudate on denitrifier community
dynamics and activity at different water-filled pore space levels in a
fertilised soil. Soil Biology and Biochemistry, 120, 70-79. https://doi.
org/10.1016/j.s0ilbio.2018.01.034

Y e L

Laville, P., Bosco, S., Volpi, I., Virgili, G., Neri, S., Continanza, D., & Bonari,
E. (2017). Temporal integration of soil N,O fluxes: Validation
of IPNOA station automatic chamber prototype. Environmental
Monitoring and Assessment, 189(10). https://doi.org/10.1007/s1066
1-017-6181-2

Liang, L. L., Campbell, D. I., Wall, A. M., & Schipper, L. A. (2018). Nitrous
oxide fluxes determined by continuous eddy covariance measure-
ments from intensively grazed pastures: Temporal patterns and
environmental controls. Agriculture Ecosystems & Environment, 268,
171-180. https://doi.org/10.1016/j.agee.2018.09.010

Lognoul, M., Debacq, A., De Ligne, A., Dumont, B., Manise, T., Bodson, B.,
Heinesch, B., & Aubinet, M. (2019). N,O flux short-term response
to temperature and topsoil disturbance in a fertilized crop: An eddy
covariance campaign. Agricultural and Forest Meteorology, 271, 193-
206. https://doi.org/10.1016/j.agrformet.2019.02.033

Lu, X,, Fan, J,, Yan, Y., & Wang, X. (2013). Responses of soil CO, fluxes
to short-term experimental warming in alpine steppe ecosystem,
Northern Tibet. PLoS ONE, 8(3), e59054. https://doi.org/10.1371/
journal.pone.0059054

Macduff, J. H., & Bakken, A. K. (2003). Diurnal variation in uptake and
xylem contents of inorganic and assimilated N under continuous
and interrupted N supply to Phleum pratense and Festuca praten-
sis. Journal of Experimental Botany, 54(381), 431-444. https://doi.
org/10.1093/jxb/erg058

Makita, N., Kosugi, Y., Sakabe, A., Kanazawa, A., Ohkubo, S., & Tani, M.
(2018). Seasonal and diurnal patterns of soil respiration in an ev-
ergreen coniferous forest: Evidence from six years of observation
with automatic chambers. PLoS ONE, 13(2), e0192622. https://doi.
org/10.1371/journal.pone.0192622

Maljanen, M., Martikainen, P. J., Aaltonen, H., & Silvola, J. (2002). Short-
term variation in fluxes of carbon dioxide, nitrous oxide and meth-
ane in cultivated and forested organic boreal soils. Soil Biology &
Biochemistry, 34(5), 577-584. https://doi.org/10.1016/S0038
-0717(01)00213-9

McMillan, A., Phillips, R., Palmada, T., Jha, N., & Saggar, S. (2014).
Automated N,O/N, analysis - A new tool for studying denitrifica-
tion dynamics and testing mitigation strategies. In L. D. Currie &
C. L. Christensen (Eds.), Nutrient management for the farm, catch-
ment and community. Occasional Report No. 27. Fertilizer and Lime
Research Centre, Massey University. http://flrc.massey.ac.nz/
workshops/14/Manuscripts/Paper_McMillan_2_2014.pdf

Metivier, K. A., Pattey, E., & Grant, R. F. (2009). Using the ecosys mathe-
matical model to simulate temporal variability of nitrous oxide emis-
sions from a fertilized agricultural soil. Soil Biology and Biochemistry,
41(12), 2370-2386. https://doi.org/10.1016/j.s0ilbio.2009.03.007

Mitchell, M., Muftakhidinov, B., & Winchen, T. (2020). Engauge digitizer
software. Retrieved from http://markummitchell.github.io/engau
ge-digitizer

Moldrup, P., Olesen, T., Schjgnning, P., Yamaguchi, T., & Rolston, D. E.
(2000). Predicting the gas diffusion coefficient in undisturbed
soil from soil water characteristics. Soil Science Society of America
Journal, 64(1), 94-100. https://doi.org/10.2136/sss5aj2000.64194x

Morley, N., Baggs, E. M., Dérsch, P., & Bakken, L. (2008). Production of
NO, N,O and N, by extracted soil bacteria, regulation by NO,-
and O, concentrations. FEMS Microbiology Ecology, 65(1), 102-112.
https://doi.org/10.1111/j.1574-6941.2008.00495.x

Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt, J., Huang,
J., Koch, D., Lamarque, J.-F., Lee, D., Mendoza, B., Nakajima,
T., Robock, A., Stephens, G., Takemura, T., & Zhang, H. (2013).
Anthropogenic and natural radiative forcing (Climate Change 2013:
The Physical Science Basis). Contribution of Working Group | to
the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change, Issue.

Neales, T. F., & Davies, J. A. (1966). The effect of photoperiod dura-
tion upon the respiratory activity of the roots of wheat seedlings.



WU ET AL.

Lo S

Australian Journal of Biological Sciences, 19, 471-480. https://doi.
org/10.1071/B19660471

Necpdlova, M., Anex, R. P, Fienen, M. N., Del Grosso, S. J., Castellano,
M. J., Sawyer, J. E., Igbal, J., Pantoja, J. L., & Barker, D. W. (2015).
Understanding the DayCent model: Calibration, sensitivity, and
identifiability through inverse modeling. Environmental Modelling
&  Software, 66, 110-130. https://doi.org/10.1016/j.envso
ft.2014.12.011

Neill, C., Steudler, P. A, Garcia-Montiel, D. C., Melillo, J. M., Feigl, B. J.,
Piccolo, M. C., & Cerri, C. C. (2005). Rates and controls of nitrous
oxide and nitric oxide emissions following conversion of forest to
pasture in Rondénia. Nutrient Cycling in Agroecosystems, 71(1), 1-15.
https://doi.org/10.1007/s10705-004-0378-9

Oburger, E., Gruber, B., Schindlegger, Y., Schenkeveld, W. D. C., Hann,
S., Kraemer, S. M., Wenzel, W. W., & Puschenreiter, M. (2014).
Root exudation of phytosiderophores from soil-grown wheat. New
Phytologist, 203(4), 1161-1174. https://doi.org/10.1111/nph.12868

Okuyama, Y., Ozawa, K., & Takagaki, M. (2015). Diurnal changes in ni-
trogen and potassium absorption rates of plants grown in a green-
house. Journal of Agricultural Meteorology, 71(4), 256-262. https://
doi.org/10.2480/agrmet.D-14-00039

O'Leary, J. W. (1966). Temperature effects on root pressure exudation.
Annals of Botany, 30(119), 419-423. https://doi.org/10.1093/oxfor
djournals.aob.a084085

Opdyke, M. R., Ostrom, N. E., & Ostrom, P. H. (2009). Evidence for the
predominance of denitrification as a source of N,O in temperate
agricultural soils based on isotopologue measurements. Global
Biogeochemical Cycles, 23(4). https://doi.org/10.1029/2009G
B003523

Parkin, T. B. (2008). Effect of sampling frequency on estimates of cu-
mulative nitrous oxide emissions. Journal of Environmental Quality,
37(4), 1390-1395. https://doi.org/10.2134/jeq2007.0333

Parkin, T. B., & Venterea, R. T. (2010). Chapter 3. Chamber-based trace gas
flux measurements (USDA-ARS GRACEnet Project Protocols, Issue).
USDA.

Peng, B.,Sun, J. F., Liu, J., Dai, W.W,, Sun, L. F., Pei,G. T., Gao, D. C., Wang,
C., Jiang, P,, & Bai, E. (2019). N,O emission from a temperate for-
est soil during the freeze-thaw period: A mesocosm study. Science
of The Total Environment, 648, 350-357. https://doi.org/10.1016/j.
scitotenv.2018.08.155

Reeves, S., & Wang, W. J. (2015). Optimum sampling time and frequency
for measuring N,O emissions from a rain-fed cereal cropping sys-
tem. Science of The Total Environment, 530, 219-226. https://doi.
org/10.1016/j.scitotenv.2015.05.117

Savage, K., Phillips, R., & Davidson, E. (2014). High temporal fre-
quency measurements of greenhouse gas emissions from soils.
Biogeosciences, 11(10), 2709-2720. https://doi.org/10.5194/
bg-11-2709-2014

Scheer, C., Grace, P. R,, Rowlings, D. W., & Payero, J. (2012). Nitrous
oxide emissions from irrigated wheat in Australia: Impact of irri-
gation management. Plant and Soil, 359(1-2), 351-362. https://doi.
org/10.1007/s11104-012-1197-4

Scheer, C., Rowlings, D. W., Firrel, M., Deuter, P., Morris, S., & Grace, P. R.
(2014). Impact of nitrification inhibitor (DMPP) on soil nitrous oxide
emissions from an intensive broccoli production system in sub-
tropical Australia. Soil Biology & Biochemistry, 77, 243-251. https://
doi.org/10.1016/j.s0ilbio.2014.07.006

Scheer, C., Wassmann, R., Klenzler, K., Lbragimov, N., & Eschanov, R.
(2008). Nitrous oxide emissions from fertilized irrigated cotton
(Gossypium hirsutum L.) in the Aral Sea Basin, Uzbekistan: Influence
of nitrogen applications and irrigation practices. Soil Biology &
Biochemistry, 40(2), 290-301. https://doi.org/10.1016/j.soilb
i0.2007.08.007

Schindlbacher, A., Zechmeister-Boltenstern, S., & Butterbach-Bahl, K.
(2004). Effects of soil moisture and temperature on NO, NO,, and
N,O emissions from European forest soils. Journal of Geophysical

Research-Atmospheres, 109(D17). https://doi.org/10.1029/2004)
D00459%90

Schltter, S., Henjes, S., Zawallich, J., Bergaust, L., Horn, M., Ippisch,
0., Vogel, H.-J., & Dorsch, P. (2018). Denitrification in soil aggre-
gate analogues-effect of aggregate size and oxygen diffusion.
Frontiers in Environmental Science, 6(17). https://doi.org/10.3389/
fenvs.2018.00017

Shcherbak, I., & Robertson, G. P. (2019). Nitrous oxide (N,0) emissions
from subsurface soils of agricultural ecosystems. Ecosystems, 22(7),
1650-1663. https://doi.org/10.1007/s10021-019-00363-z

Shurpali, N. J., Rannik, U., Jokinen, S., Lind, S., Biasi, C., Mammarella,
l., Peltola, O., Pihlatie, M., Hyvonen, N., Raty, M., Haapanala, S.,
Zahniser, M., Virkajarvi, P., Vesala, T., & Martikainen, P. J. (2016).
Neglecting diurnal variations leads to uncertainties in terrestrial ni-
trous oxide emissions. Scientific Reports, 6. https://doi.org/10.1038/
srep25739

Simek, M., Brucek, P., & Hynst, J. (2010). Diurnal fluxes of CO, and
N,O from cattle-impacted soil and implications for emission es-
timates. Plant Soil and Environment, 56(10), 451-457. https://doi.
org/10.17221/127/2010-PSE

Skiba, U., Hargreaves, K. J., Beverland, I. J., Oneill, D. H., Fowler, D., &
Moncrieff, J. B. (1996). Measurement of field scale N,O emission
fluxes from a wheat crop using micrometeorological techniques.
Plant and Soil, 181(1), 139-144. https://doi.org/10.1007/BFO00
11300

Smith, J., Gottschalk, P., Bellarby, J., Chapman, S., Lilly, A., Towers, W.,
Bell, J., Coleman, K., Nayak, D., Richards, M., Hillier, J., Flynn, H.,
Wattenbach, M., Aitkenhead, M., Yeluripati, J., Farmer, J., Milne,
R., Thomson, A., Evans, C., & Smith, P. (2010). Estimating changes
in national soil carbon stocks using ECOSSE - A new model that
includes upland organic soils. Part I. Model description and uncer-
tainty in national scale simulations of Scotland. Climate Research,
45,179-192.

Smith, K. A., & Dobbie, K. E. (2001). The impact of sampling frequency
and sampling times on chamber-based measurements of N,O emis-
sions from fertilized soils. Global Change Biology, 7(8), 933-945.
https://doi.org/10.1046/j.1354-1013.2001.00450.x

Smith, K. A., Thomson, P. E., Clayton, H., McTaggart, I. P., & Conen, F.
(1998). Effects of temperature, water content and nitrogen fer-
tilisation on emissions of nitrous oxide by soils. Atmospheric
Environment, 32(19), 3301-3309. https://doi.org/10.1016/51352
-2310(97)00492-5

Sun, L., Ataka, M., Kominami, Y., & Yoshimura, K. (2017). Relationship be-
tween fine-root exudation and respiration of two Quercus species
in a Japanese temperate forest. Tree Physiology, 37(8), 1011-1020.
https://doi.org/10.1093/treephys/tpx026

Sutka, R. L., Ostrom, N. E., Ostrom, P. H., Breznak, J. A., Gandhi, H., Pitt,
A. J., & Li, F. (2006). Distinguishing nitrous oxide production from
nitrification and denitrification on the basis of isotopomer abun-
dances. Applied and Environmental Microbiology, 72(1), 638. https://
doi.org/10.1128/AEM.72.1.638-644.2006

Tang, J., Baldocchi, D. D., Qi, Y., & Xu, L. (2003). Assessing soil CO, efflux
using continuous measurements of CO, profiles in soils with small
solid-state sensors. Agricultural and Forest Meteorology, 118(3),
207-220. https://doi.org/10.1016/50168-1923(03)00112-6

Tang, J., Baldocchi, D. D., & Xu, L. (2005). Tree photosynthesis modulates
soil respiration on a diurnal time scale. Global Change Biology, 11(8),
1298-1304. https://doi.org/10.1111/j.1365-2486.2005.00978.x

Toma, Y., Takakai, F., Darung, U., Kuramochi, K., Limin, S. H., Dohong,
S., & Hatano, R. (2011). Nitrous oxide emission derived from soil
organic matter decomposition from tropical agricultural peat soil in
central Kalimantan, Indonesia. Soil Science and Plant Nutrition, 57(3),
436-451. https://doi.org/10.1080/00380768.2011.587203

Ueno, D., & Ma, J. F. (2009). Secretion time of phytosiderophore differs
in two perennial grasses and is controlled by temperature. Plant and
Soil, 323(1), 335-341. https://doi.org/10.1007/s11104-009-9962-8



WU ET AL.

van der Weerden, T. J., Clough, T. J., & Styles, T. M. (2013). Using near-
continuous measurements of N,O emission from urine-affected
soil to guide manual gas sampling regimes. New Zealand Journal of
Agricultural Research, 56(1), 60-76. https://doi.org/10.1080/00288
233.2012.747548

Van Groenigen, J. W., Zwart, K. B., Harris, D., & van Kessel, C. (2005).
Vertical gradients of §'°N and &0 in soil atmospheric N,O
- Temporal dynamics in a sandy soil. Rapid Communications in
Mass Spectrometry, 19(10), 1289-1295. https://doi.org/10.1002/
rcm.1929

Wang, Y. S., Xue, M., Zheng, X. H,, Ji, B. M., Du, R., & Wang, Y. F.
(2005). Effects of environmental factors on N,O emission from
and CH, uptake by the typical grasslands in the Inner Mongolia.
Chemosphere, 58(2), 205-215. https://doi.org/10.1016/j.chemo
sphere.2004.04.043

Wang, Z., Ji, L., Hou, X., & Schellenberg, M. (2016). Soil respiration
in semiarid temperate grasslands under various land manage-
ment. PLoS ONE, 11, e0147987. https://doi.org/10.1371/journ
al.pone.0147987

Williams, D. L., Ineson, P., & Coward, P. A. (1999). Temporal variations
in nitrous oxide fluxes from urine-affected grassland. Soil Biology
& Biochemistry, 31(5), 779-788. https://doi.org/10.1016/S0038
-0717(98)00186-2

Windham-Myers, L., Bergamaschi, B., Anderson, F., Knox, S., Miller,
R., & Fujii, R. (2018). Potential for negative emissions of green-
house gases (CO,, CH, and N,O) through coastal peatland re-
establishment: Novel insights from high frequency flux data at
meter and kilometer scales. Environmental Research Letters, 13(4).
https://doi.org/10.1088/1748-9326/aaae74

Winiwarter, W., Hoglund-Isaksson, L., Klimont, Z., Schépp, W., & Amann,
M. (2018). Technical opportunities to reduce global anthropogenic
emissions of nitrous oxide. Environmental Research Letters, 13(1).
https://doi.org/10.1088/1748-9326/aa%ec9

Wrage, N., Velthof, G. L., van Beusichem, M. L., & Oenema, O. (2001).
Role of nitrifier denitrification in the production of nitrous oxide.
Soil Biology and Biochemistry, 33(12), 1723-1732. https://doi.
org/10.1016/50038-0717(01)00096-7

Wrage-Moénnig, N., Horn, M. A., Well, R., Miiller, C., Velthof, G., &
Oenema, O. (2018). The role of nitrifier denitrification in the pro-
duction of nitrous oxide revisited. Soil Biology and Biochemistry, 123,
A3-A16. https://doi.org/10.1016/j.s0ilbio.2018.03.020

Wu, K., Chen, D., Tu, C.,, Qiu, Y., Burkey, K. O., Reberg-Horton, S. C.,
Peng, S., & Hu, S. (2017). CO,-induced alterations in plant ni-
trate utilization and root exudation stimulate N,O emissions. Soil
Biology and Biochemistry, 106, 9-17. https://doi.org/10.1016/j.soilb
j0.2016.11.018

I wiiey L

Yamulki, S., Toyoda, S., Yoshida, N., Veldkamp, E., Grant, B., & Bol, R. (2001).
Diurnal fluxes and the isotopomer ratios of N,O in a temperate
grassland following urine amendment. Rapid Communications in Mass
Spectrometry, 15(15), 1263-1269. https://doi.org/10.1002/rcm.352

Yin, H., Xiao, J., Li, Y., Chen, Z., Cheng, X., Zhao, C., & Liu, Q. (2013).
Warming effects on root morphological and physiological traits:
The potential consequences on soil C dynamics as altered root ex-
udation. Agricultural and Forest Meteorology, 180, 287-296. https://
doi.org/10.1016/j.agrformet.2013.06.016

Yu,Z.,Li,Y. Deng,H.,Wang, D.,Chen, Z., & Xu, S. (2012). Effect of Scirpus
mariqueter on nitrous oxide emissions from a subtropical monsoon
estuarine wetland. Journal of Geophysical Research Biogeosciences,
117(G2). https://doi.org/10.1029/2011JG001850

Zhang, Z., Qiao, M., Li, D., Yin, H., & Liu, Q. (2016). Do warming-induced
changes in quantity and stoichiometry of root exudation promote
soil N transformations via stimulation of soil nitrifiers, denitrifi-
ers and ammonifiers? European Journal of Soil Biology, 74, 60-68.
https://doi.org/10.1016/j.ejsobi.2016.03.007

Zhu, X., Burger, M., Doane, T. A., & Horwath, W. R. (2013). Ammonia
oxidation pathways and nitrifier denitrification are significant
sources of N,O and NO under low oxygen availability. Proceedings
of the National Academy of Sciences, 110(16), 6328. https://doi.
org/10.1073/pnas.1219993110

Zimmermann, M., Meir, P., Bird, M., Malhi, Y., & Ccahuana, A. (2009).
Litter contribution to diurnal and annual soil respiration in a tropi-
cal montane cloud forest. Soil Biology and Biochemistry, 41(6), 1338-
1340. https://doi.org/10.1016/j.s0ilbio.2009.02.023

Zona, D., Janssens, I. A., Gioli, B., Jungkunst, H. F., Serrano, M. C., &
Ceulemans, R. (2013). N,O fluxes of a bio-energy poplar plantation
during a two years rotation period. Global Change Biology Bioenergy,
5(5), 536-547. https://doi.org/10.1111/gcbb.12019

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Wu, Y.-F., Whitaker, J., Toet, S.,
Bradley, A., Davies, C. A., & McNamara, N. P. (2021). Diurnal
variability in soil nitrous oxide emissions is a widespread
phenomenon. Global Change Biology, 00, 1-17. https://doi.
org/10.1111/gcb.15791




