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= ABSTRACT: The national inventories of greenhouse gas (GHG) emissions, which are periodically
prepared by countries that signed the Climate Change Convention, compute emissions from
anthropogenic sources among them agricultural activities. The protocols established within the
scope of the International Panel on Climate Change (IPCC) make it possible to estimate these
emissions. These protocols use standard emission factors that vary according to the characteristics
of the monitored activities and only scientific research, published in journals of recognized quality,
can establish other local factors. Brazilian researchers carry out experiments to measure GHG
emissions from agricultural activities, aiming to calculate specific parameters for the national
climatic and management conditions. These field experiments are complex, costly, with a limited
number of repetitions and, eventually, high natural variability. Often, these limitations result in the
inability of the analysis of variance (ANOVA) to identify differences between treatments. The
objective of this work is to present the non-parametric Kolmogorov-Smirnov (KS) test as an
alternative to compare the effect of flooded irrigation management on methane (CH4) emission
throughout the rice crop cycle. We present a case study in which ANOVA produced non-significant
results for the adjustment of the model while the KS identified the emission curves as significantly
different. The KS test could be adapted, via the SAS NPARIWAY routine, to compare events with
responses over time, such as methane emissions in flooded rice, resulting in test values and graphs
that are easy to understand and interpret.
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1 Introduction

The national inventories of greenhouse gas (GHG) emissions, which are periodically
prepared by countries that signed the Climate Change Convention, compute emissions from
anthropogenic sources among them agricultural activities. The protocols established within
the scope of the Intergovernmental Panel on Climate Change (IPCC) estimate these
emissions. The cultivation of flooded rice (Oryza sativa L.) is one of the main
anthropogenic sources of methane (CH4) emission, an important greenhouse gas (GHG)
with much greater global warming potential (28 times in a horizon of 100 years) than carbon
dioxide (CO,) (ROSA, 2014; SILVA et al., 2011; MYHRE et al. 2013).

The IPCC protocols employ generic values (default) for the emission factors used in
the calculations required in the preparation of inventories. Countries should adopt the
factors provided by IPCC guidelines if there is no appropriated specific national values from
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published research. However, the methane emission factors are quite variable between
different environments and ways of handling flooded rice (VO et al., 2018), requiring
specific studies to define precisely local emission factors.

In order to define CH. emission factors adapted to the national conditions of rice
production, Brazilian researchers carry out experiments to measure the emissions of this
gas and calculate the parameters for specific conditions of climate and management.
However, these field experiments are complex and costly, with limited number of
repetitions and, eventually, high natural variability. In addition to the interest in defining
specific emission factors for local or regional conditions, these surveys aim to improve
knowledge about the behavior of methane emissions during the crop cycle and to estimate
possible effects of different management practices.

However, the limitations of the adopted experimental designs often result in the
inability of the analysis of variance (ANOVA) to identify differences between treatments
or make the adjustment of more elaborate models impossible, which ones could help in the
interpretation of the phenomena involved.

Kravchenko and Robertson (2015) discuss the statistical challenges in analyses of
chamber-based soil emissions data and concludes that the statistical analysis of GHG data
requires care to avoid missing significant treatment differences or overstating insignificant
differences. They collected emissions data for CO2 and N20 and demonstrated for both
gases high spatial and temporal variability. They pointed that increasing the number of
replicate plots is the main route of rising statistical power, while increasing the number of
subsamples (chambers and gas samples) per replicate plot can also provide substantial
gains. Unfortunately, this solution (increasing repetitions) is not always within the reach of
researchers, either by limiting the time available for collection, qualified technical staff,
collection tools or financial resources in general.

Therefore, the objective of this work is to present the Kolmogorov-Smirnov (KS) non-
parametric test as an alternative to compare the effect of flooded irrigation management on
methane (CH.) emission throughout the rice crop cycle. We present a case study in which
ANOVA generated a non-significant result while our calculation identified that the
emission curves were significantly different by KS.

The KS test has several applications, including the evaluation of time series, but even
in these cases the comparison is made between the accumulated probability distributions,
both between a theoretical and an observed distribution and between two independent data
sets, without presumption of theoretical distribution. Machiwal and Jha (2008) for example,
used the test to assess the normality of time series of rainfall. However, although the data
are observed over time, the accumulated variable under analysis is the probability
distribution and not time itself, as suggested in the present study.

2 Material and methods

In a recent work developed in the South of Brazil, its authors observed that changes
in the management of flooded rice crops have resulted in higher increases in GHG emissions
than in crop yields (ZSCHORNACK et al., 2018). The authors recommended that in order
to avoid growth in GHG emissions associated to increase in rice yield, agricultural practices
used to mitigate emissions should be sought; and they listed the intermittent irrigation
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systems as promising candidates for this aim. In addition, Moterle et al. (2013) came to a
similar conclusion, indicating that the intermittent irrigation is effective in mitigating CH4
efflux from rice crops when climatic conditions enable water absence during cultivation.

Given this, an experiment was conducted in an area with irrigated rice, in order to
study the effects of flood irrigation management during two crops: 2004 e 2005 (LIMA et
al., 2014). Two treatments were employed: maintenance of continuous flooding (CF) and
intermittent flooding (IF). For the collection of air samples to be analyzed, the closed
chamber method (IAEA, 1992) was adopted. Each treatment received three chambers to
collect samples, and taking from these the cumulative amounts of methane (CH4) emissions
were estimated.

Air samples were repeatedly collected all along the rice crop cycle, between the
months of January and May, totalizing 31 collections in 2004 and 18 collections in 2005.
Sample collections in each chamber along the time were used to estimate the total emissions
(T) in the period, and the emission factor (f). Therefore, there were for each year six values
of T (three for CF, three for IF), and six values for f in the same way. These values were
submitted to an analysis of variance (ANOVA) as a 2 x 2 factorial (two years, two
treatments) with three repetitions. When a given cause of variation was found to have
significance, the Tukey test (5%) for comparison of means was applied.

Even before the results of ANOVA were analyzed, we understand that the integration
of emissions obtained from point samples over time in a single accumulated methane
emission value for later use in the management comparison, via ANOVA, promotes a great
loss of information. This is, a simple comparison between mean values would provide little
knowledge about the difference in crop behavior along the time, regarding methane
emission. Therefore, authors looked for another method of analysis that could verify a
particular behavior in detail and assess whether there were differences between the
treatments. The use of the KS test allows that, in addition to a statistical decision in the
comparison of the different water management, an interpretation of the behavior is made
over time, as it is precisely this knowledge that can guide changes in irrigation management
in order to guarantee the minimum emission.

They then applied the Kolmogorov-Smirnov test (also known as KS test), a
nonparametric test of the equality of continuous one-dimensional probability distributions
that can be used to compare a sample with a reference probability distribution (one-sample
KS test), or to compare two samples between them (two-sample KS test). The technique is
named after Russian mathematicians Andrei Kolmogorov and Nikolai Smirnov. The
Kolmogorov-Smirnov statistic quantifies a distance (D) between the empirical distribution
function of the sample and the cumulative distribution function of the reference distribution,
or between the empirical distribution functions of two samples. The null distribution of this
statistic is calculated under the null hypothesis that the sample is drawn from the reference
distribution (in the one-sample case) or that the samples are drawn from the same
distribution (in the two-sample case). In each case, distributions considered under the null
hypothesis are continuous, but not restricted. The two-sample KS test is one of the most
useful and general nonparametric methods for comparing two samples, as it is sensitive to
differences in both location and shape of the empirical cumulative distribution functions of
the two samples. The Kolmogorov-Smirnov test can be modified to serve as a goodness of
fit test (HASSANI and SILVA, 2015).

The empirical distribution function F, for n independent and identically distributed
observations X; is defined as
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1 n
R =+ Z -0 (X0, 1)
i=1

where I[-o0, X] (X;) is the indication function, equal to 1 if X; <x and equal to O otherwise.
The Kolmogorov-Smirnov statistic for a given cumulative distribution function F(x)
is

Dn = sup |Fn(x) - F(X')l, )

where *}* is the supremum of the set of distances. By the Glivenko-Cantelli theorem, if
the sample comes from distribution F(x), then D, converges to 0 almost surely in the limit
when n goes to infinity.

When the Kolmogorov-Smirnov test is used to compare two underlying one-
dimensional probability distributions, the statistic is

Dn,m = Sup |F1,n(x) - FZ,m(x)l’ 3)
x

where F1, and F2n are the empirical distribution functions of the first and second sample
respectively, and sup is the supremum function.
The null hypothesis is rejected at level a if

n+m
Dn,m > C(a) nm ) (4)

where n and m are the sizes of first and second sample respectively. The value of c(«) is
given by

c(a) = —% In (%) (5)

The two-sample test checks whether the two data samples come from the same
distribution, but it is not necessary to specify what that common distribution is.

In the discussed case, there is no distribution of frequency of probability, stricto sensu,
to be analyzed. However, if we use the time (number of days) elapsed after the beginning
of the experiment as variable X, maintaining chronological order, and we adopt the values
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of methane emission estimated for that day as frequency values, then we can use the KS
test. Since the KS test is non-parametric in nature, no assumptions about the model are
necessary (ZHANG and CHEN, 2018). Due to the nature of the experiment and the way the
measurements were performed, it is possible to assume that the samples and observations
over time were independent, which would be the only assumption required for the use of
the KS test (CONOVER, 1998).

Analyses were performed in the SAS software, applying ANOVA and NPARIWAY
routines (SAS, 2011). Emissions along the cycle (mean of the three chambers) were
compared by the KS test, two by two within a same year between different treatments, and
two by two within a same treatment between different years.

In Figure 1 we see the SAS code used for the KS test between methane emission curves
for the two treatments in 2004. The other comparisons followed the same pattern.

data one:
input day manag$ methane;
cards:
13 continuo 1.4967
19 contimio 13.7350
L4
125 intermit 4.8067

ods graphics on;

Proc NPAR1IWAY EDF data=one;
class manag:
var day;
freq methane;

run;

* If the reader i= interested, the original full data can be requasted from the
authors for replication of the analyzes or new comparizons.

Figure 1 - SAS program code for KS test between two methane emission curves.

3 Results

We performed the analysis of the residues in the SAS, before the interpretation of the
ANOVA results, and there was no evidence that prevented the application of this analysis
model. Despite this, the analysis of variance showed absence of significance of the
management effect, and also of the management-year interaction effect, both for total
emissions and for the emission factor. Only the year effect was significant (Table 1).

64 Rev. Bras. Biom., Lavras, v.39, n.1, p.60-70, 2021 - doi: 10.28951/rbb.v39i1.498



Table 1 - Summary of the analysis of variance for the methane emission experiment

Source of variation Degrees of Total methane Emission factor
freedom F Prob > F F Prob > F
Model 3 32.28 <0.0001 27.89  <0.0001
Year 1 94.38 < 0.0001 80.87 < 0.0001
Management 1 1.17 0.3117 1.32 0.2832
Year x Management 1 1.30 0.2875 1.48 0.2589

Table 2 presents the mean values per treatment and per year, followed by the
respective deviations in cases where there was no significance. We can observe that the
mean values both of total emissions and of emission factor were significantly higher in 2005
than in 2004.

Table 2 - Means (total methane and emission factor) per year and per type of management

Total methane* Emission factor*
Year Management N Standard Standard
Mean . Mean .
Deviation Deviation
2004 Continuous 3 8,821 851.95 0.6900 0.0693
2004 Intermittent 3 5,715 2,134.25 0.4467 0.1710
2005 Continuous 3 20,826 2,569.38 1.4900 0.1825
2005 Intermittent 3 20,909 3,410.59 1.4967 0.2442
Continuous 6 14,824 6,794.46 1.0900 0.4552
Intermittent 6 13,312 8,702.67 0.9717 0.6052
2004 6 7,268 B 0.5683 B
2005 6 20,868 A 1.4933 A

* Means followed by the same letter in the vertical are not significantly different as per Tukey test at 5%.

Although the variation in methane emission between years is significant and seems
high, it may be due to climate differences between the two crops. As an example, Vo et al.
(2018) found even higher variations between emission factors (from 0.31 a 9.14 kg CH4
ha™! d!) within one same year, but that was in different regions of Vietnam, and they
ascribed it to the management and environment (cultivation system, soil, climate).

The assumption that the type of irrigation management adopted, as hypothesized by
researchers conducting the experiment, affects methane emission was not confirmed
through the analysis of variance. However, the KS test offered a new perspective of analysis
for the same data, preserving the chronology of measurements. In 2004 as much as in 2005,
the test was able to find a significant difference between the ways how methane emissions
occurred along the rice cycle in each of the management types under study (Figure 2).
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Empirical distribution of methane emissions.
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Figure 2 - Kolmogorov-Smirnov test between types of flood irrigation management in rice, in 2004
and 2005.

By expressing the accumulated emission of a given management along the time as a
proportion of the total emission, the adopted method puts the profiles of each management
type on one same basis. This procedure facilitates the application of a quantitative and
probabilistic test, plus the perception of the moment when maximum difference is observed,
and consequently helping researchers to interpret the phenomenon under study. In both the
2004 and 2005 crops, the D statistic took similar values, of 0.4026 e 0.4062 respectively,
both highly significant (Prob < 0.0001). Looking at the graphic representation of the test
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we can observe that the maximum difference between the two curves of management
occurred around day 70 in 2004 and day 50 in 2005, and that emission in the Continuous
management is higher in the beginning of the cycle (Figure 2).

Empirical distribution of methane emissions.
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Figure 3 - Kolmogorov-Smirnov test between crops (years), for two types of rice flood irrigation
management.
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When comparing methane emissions under one same management in different years,
it is interesting to notice that accumulated curves are much more similar to each other than
when we compare different managements in one same year; in the first case the curves
touch and cross each other, which does not happen when we compare management types.
Although the test continues to result highly significant (Prob < 0,0001), values of the D
statistic were lower, reaching 0.1385 for the Continuous management around day 80, and
reaching 0.2104 under Intermittent management around day 55 (Figure 3).

Therefore, while the analysis of variance and the test of means have pointed to
significant differences between years, it could be determined through the KS analysis that
the effect of year was equivalent upon both types of management, but the type of
management is what affects in a very distinct way that methane emissions occur along the
time. This is in accordance with the affirmation of Moterle et al. (2013), which also
identified irrigation management as a significant cause of variation in GHG emissions.

Conclusions

The Kolmogorov-Smirnov test may be adapted to compare events that produce
isolated quantitative answers along time, as is the case of individual measurements of
methane emissions in areas of flooded rice crops.

The SAS software provides a routine (NPAR1IWAY) that allows for the application
of the KS test to such comparisons, with practically no need to prepare data specially, and
using a few simple commands.

Test values and graphics produced by the analysis are easy to understand, which
facilitates for researchers the interpretation of results.
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LUIZ, A.J. B., LIMA, M. A. Aplicacdo do teste de Kolmogorov-Smirnov na comparagdo de emissao
de gases de efeito estufa no tempo. Rev. Bras. Biom. Lavras, v.39, n.1, p.60-70, 2021.

= RESUMO: Os inventarios nacionais de emisses de gases de efeito estufa (GEE), elaborados
periodicamente pelos paises signatarios da Convencéo sobre Mudancga do Clima, computam as
emissdes de fontes antrdpicas, entre elas as atividades agricolas. Os protocolos estabelecidos no
ambito do Painel Internacional sobre Mudancas Climéticas (IPCC — International Panel on
Climate Change) permitem estimar essas emissdes. Esses protocolos utilizam fatores de emissédo
padrdo que variam de acordo com as caracteristicas das atividades monitoradas e somente
pesquisas cientificas, publicadas em periddicos de reconhecida qualidade, podem estabelecer
outros fatores locais. Pesquisadores brasileiros realizam experimentos para medir as emissdes de
GEE das atividades agricolas com o objetivo de calcular parametros especificos para as
condigdes climaticas e de gestdo nacionais. Esses experimentos de campo sdo complexos, caros,
com um ndmero limitado de repeticdes e, eventualmente, alta variabilidade natural.
Frequentemente, essas limitacdes resultam na incapacidade da andlise de variancia (ANOVA)
para identificar diferengas entre os tratamentos. O objetivo deste trabalho é apresentar o teste
ndo paramétrico de Kolmogorov-Smirnov (KS) como alternativa para comparar o efeito do
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manejo da irrigacdo por inundacao na emissdo de metano (CH4) ao longo do ciclo da cultura do
arroz. Apresentamos um estudo de caso em que a ANOVA produziu resultados ndo significativos
para o ajuste do modelo enquanto o KS identificou as curvas de emissdo como significativamente
diferentes. O teste de KS pdde ser adaptado, via rotina NPARIWAY do SAS, para comparar
eventos com respostas ao longo do tempo, como as emissdes de metano em arroz inundado,
resultando em valores dos testes e graficos de facil compreensédo e interpretacao.

= PALAVRAS-CHAVE: GEE; KS; teste ndo paramétrico; metano.
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