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Abstract
Apples emit a volatile organic compounds during the ripening process named ethylene, which can be used to infer the optimal 
harvest time. Currently, the fruit ethylene emission is assessed in controlled facilities, thus laborious and expensive. This 
article pioneers the study of assessing ethylene emissions in uncontrolled environments. However, understanding how the 
ethylene spatial temporal dynamics in an open field, its still elusive. Therefore, this paper provides a model from an (Malus 
domestica Borkh) apple orchard for simulation and analysis of ethylene behaviour. We demonstrate that the model is able to 
explain the ethylene emissions behaviour in an orchard field when subject to different wind speeds, directions and ripeness 
stages. Based on that we have investigated different sampling schemes—regular and random—for capturing the variability 
of ethylene in an orchard using an electrochemical gas sensor. These results show that a random sampling scheme performs 
25% better than an equivalent regular-defined grid. Moreover, the measurements acquired locally in the rows tend to be 10% 
more reliable than in other locations from the orchard. Finally, the ethylene variability can be assessed with a confidence of 
75% using 4 and 16 sampling points.

Keywords  Harvest time date · Ethylene gas simulation · Open-source software · Electrochemical gas sensor · Apple 
orchard

1  Introduction

For farmers, determining the optimal harvesting time (OHT) 
is key. Harvesting immature fruits results in poor quality 
when ripe and higher susceptibility to mechanical damage. 
Harvesting overripe fruits results in soft and flavourless 
products, with a very short shelf-life (Kader 1999).

Maturity indices exist to support farmers decision mak-
ing across the growing season, such as for finding the OHT. 
Maturity indices can be obtained via destructive and non-
destructive methods and take into account chemical compo-
sition (e.g., total acidity), physical properties [e.g., firmness 
(Zhang et al. 2008)], fruit physiological changes [e.g., ethyl-
ene emission rate (Kathirvelan and Vijayaraghavan 2017)], 
and chronological features [e.g., days after blooming (Knee 
2002)]. Destructive methods are methods which the fruits 
or vegetable are subject to a test that degrades, e.g., penetra-
tion, compression, the product leaving it not consumable, 
while non-destructive methods use remote sensing tech-
niques, e.g., acoustic impulse response, near-infrared (Arefi 
et al. 2015).

The ethylene emission rate can be detected using gas 
chromatography techniques, electrochemical gas sensors 
and optical sensors (Cristescu et al. (2012)). Research so 
far using electrochemical gas sensors has been aiming at 
developing methods to assess volatile organic compounds 
(VOC) emissions using concentration chambers, apples 
(Brezmes et al. 2000; Łysiak 2014; Pathange et al. 2006; 
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Saevels et al. 2003), pears (Ma et al. 2016; Brezmes et al. 
2000; Zhang et al. 2008), tomatoes (Wang and Zhou 2007; 
Mandarin Gómez et al. (2006), banana (Kathirvelan and 
Vijayaraghavan 2017), mango (Lihuan et al. 2017), and 
grapes (Athamneh et al. 2008) among other fruits have been 
studied with this methodology. Moreover, the measurement 
of ethylene emission was done using enclosures of strawber-
ries in the plant in order to track the emissions of the same 
fruit over time. The results of such research show promise, 
especially in postharvest processing (Iannetta et al. 2006).

Current methods for assessing fruit maturity require the 
sampling of individual fruit in the field and further assess-
ment in the lab. That process is both labor intensive, since it 
requires an operator to physically go to the field and sample 
fruits, and dependent on the individual fruits that are sam-
pled (Sun et al. 2019).

This work aims to investigate how ethylene could be 
assessed in an uncontrolled environment like an orchard 
field, using an electronic nose to improve current assessment 
techniques. The advantage of measuring ethylene directly in 
an orchard field in comparison with the current methods are 
enhanced in Table 1.

The main problem is that the sensors measurements are 
highly affected by the conditions in the field such as tem-
perature, sunlight, among others (Kader (2002)). Moreover, 
the sensor measurements sensibility is also subject to the 
interference and the environment conditions, such as rela-
tive humidity, wind speed and wind direction (Popoola et al. 
2016). Finally, electrochemical sensors are prone to cross-
sensitivity with other agricultural derived anthropogenic 
greenhouse gases (GHG) emissions—Carbon dioxide (CO2) 
(Vermeulen et al. 2012), nitrous oxide (N2O) (Smith et al. 
2007), and Methane (CH4). Through CH4, the agricultural 
production also contributes to secondary GHGs such as 
tropospheric ozone (O3) (Dentener et al. 2005).

The study presented in this paper is a first attempt at 
understanding the potential and the limitations of electro-
chemical sensors measurements in real-time in an open field, 

creating with it a theoretical framework from which further 
work can be developed.

For the best of our knowledge, no studies have been made 
so far regarding open field sampling schemes and it applica-
tion when subject to the wind speed and direction. There-
fore, we present a study where it can be shown:

1.	 How the spatial arrangement from the orchard trees 
influence the ethylene distribution behavior.

2.	 How ethylene distributes within the apple orchard when 
subject to different wind speeds.

3.	 Where (within the orchard) the ethylene concentrates.
4.	 Which sampling scheme proposed performs better by 

checking if a sample is significantly different from the 
mean of the population (z-score).

2 � Materials and methods

In Monroy and Gonzalez-Jimenez (2017) it is stated that the 
high complexity of the dispersion of gases and the high sen-
sibility to very small changes in the measurement environ-
ment make it difficult to create reproducible, and therefore, 
meaningful experiments. For that purpose a 3D gas disper-
sion simulator denoted as GADEN was developed (Monroy 
et al. 2017). This simulator not only emulates the gas on a 
three-dimensional space but takes into account obstacles and 
air flow dynamics.

Therefore, a model from an orchard field was built from 
empirical knowledge of in situ measurements taken in the 
real environment: Area size, number of trees, tree dimen-
sions, space between trees, space between rows, fruit load 
per tree, and wind speed. The complete GADEN setup and 
configuration parameters used in the simulations and respec-
tive files are available in a public repository.

3 � Study area

The study area and apple orchard is located in the Wagenin-
gen Plant Research for Flowerbulbs, Nurserystock and Fruits 
in Randwijk, The Netherlands (Fig. 1). A test plot of 0.17 ha 
of apple trees was selected (study area enhanced in red). The 
plot is used to conduct trials on novel apple cultural prac-
tices, using substrate that is placed in the ground where the 
trees are planted. It has a length of 5 m in between tree rows 
and 1.1 m between trees in the row which results in 14 lines 
and about 300 trees in the plot. The apple (Malus domes-
tica Borkh) cultivar selected was Junami because is a very 
popular product in Netherlands and one of the most con-
sumed apples due to it refreshing fruity flavor. Furthermore, 
it has a very good reputation for what shelf time regards. 

Table 1   Comparison between conventional ethylene assessment prac-
tices in controlled facilities, and improved ones in uncontrolled out-
door field

x Sample are taken in a daily basis
y Individual fruits picking and chemical composition analysis
z Sensors placing and removing from the field

Highlights Current Ideal

Sampling frequency Dailyx Real-time
Human support Field & laboratoryy Fieldz

Data availability Discrete Continuous
Assessment type Invasive Remote
Costs High Low
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Therefore, the interest in carrying out further studies within 
this cultivar.

3.1 � Building the environment

A total of 18 trees were simulated as cylinders with a diam-
eter of 0.3 m . This shape was chosen since it allows for wind 
flow in between rows and lines. It is important to note that 
the effect of small leaves and branches in between stems is 
not taken into account in these simulations. From the inter-
nal volume of this environment a grid mesh was generated 
with a 0.1 m resolution. The edges of the environment were 
set as outlets—where airflow and gas are allowed to leave 
the environment—while x = 0 and y = 0 were set as envi-
ronment inlets.

3.2 � Ethylene emission simulations

For ethylene emission, three phases were defined accord-
ing to literature: pre-climacteric, entering climacteric and 
climacteric (Lougheed and Franklin 1971; Reid et al. 1973). 
Fruit position was determined using empirical knowledge 
of the field experiments, especially when it comes to the 
height of the fruit. Fruit load was determined with aver-
age yield values of commercial apple plots. The parameters 

used to model the trees ( n = 18 ) from the apple orchard are 
described in Table 2.

For a matter of simplification an artificial center was 
defined in each tree for the total emissions of ethylene. This 
center ( P ), can be described as the average position of emis-
sion sources of the tree, and is defined by a height ( h ) and 
direction in relation to the main stem ( dir ). This dir param-
eter in relation to the stem is defined in order to make the 
distribution of this parameter uniform, and therefore, the 
number of directions must be divisible by the number of 

Fig. 1   Picture of the selected study area in Randwijk, The Netherlands

Table 2   Summary of ethylene emission parameters based in the work 
of Reid et al. (1973, Lougheed and Franklin (1971) and expert knowl-
edge

Parameter Symbol Unit Distribution

Ethylene emission ei μL∕h kg

Pre-climacteric e1 e1 ∼ N
(

2.7, 1.62
)

Entering climacteric e2 e2 ∼ N
(

7.3, 4.52
)

Climacteric e3 e3 ∼ N
(

20, 152
)

Fruit load per tree l kg l ∼ N
(

21.5, 12.82
)

Emission per tree Ei μg∕s kg Ei = ei ∗ l

Position P (h, dir)

Height h m h ∼ N
(

1.4, 0.52
)

Direction dir dir ∼ U(1, 6)
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trees. In this case six directions were defined, each one is 
the 6th part of a circle, the equivalent to 60◦ . This number of 
directions was defined to reduce the computational workload 
during the simulations. The six wind speed directions are 
sufficient to cover all potential cases and avoid occlusions.

The simulated model is illustrated in Fig. 2.

3.3 � Wind simulations

For the wind speed parameters, the observations made in the 
field and also the records of a nearby weather station were 
used to determine the three wind speed scenarios (low, mean 
and high). Additionally, one of the constraints of the simula-
tor used is that if stochastic turbulence occurs in the environ-
ment, the simulator result will not necessarily match a real 
world scenario. This happens especially when an adjective 

airflow is not present (mass air movement) e.g. with very 
low or null wind speeds (Monroy et al. 2017). Therefore to 
summarize three scenarios for wind speed were constructed 
(0, 2 and 5 m/s ) and at two different wind directions ( ⃗x , y⃗ ) 
which amounts to 5 complete wind simulations.

3.4 � Optimal sampling

In order to determinate the best sampling scheme, four dis-
tinct zones (or volumes) - in rows, in-between rows, and 
in the environment- were defined in the simulated environ-
ment (Fig. 3). These are the potential orchard field elements 
where ethylene can be measured with sensor. In each zone a 
statistical analysis focusing on the mean, standard deviation, 
variance, maximum value, and number of occupied cells, 
across simulation time steps was carried out.

Fig. 2   The CAD model of the orchard used for GADEN (right). The-
oretical model of an individual tree (left). The average position of 
emission sources (apple fruit) is defined as P . The center coordinates 

of the stem is given by C . The direction ( dir ) is the projection of point 
P in the xy-plane ( P’ ). Taking C’ =

(

xc, yc
)

 as the center stem loca-
tion and dir , P� =

(

xc + 0.3 ∗ cos
dir∗2�

6
, yc + 0.3 ∗ sin

dir∗2�

6

)

Fig. 3   Delimitation of zones: 
environment, main volume, in 
rows and in-between rows

Environment

Main volume

In-between rows In rows
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3.5 � Statistical analysis

For statistical analysis of the simulated data, a normal dis-
tribution is a key pre-requisite. The ethylene concentration 
distribution is as expected of gas concentration data in an 
empty environment, positively skewed. In order to obtain a 
normal distribution of the data regarding ethylene concen-
tration, a Box–Cox transformation was applied with the � 
parameter being optimized for each simulation run.

The Box-Cox transformation (Box and Cox 1964), with 
the � parameter being optimized using the profile likelihood 
function, is defined bellow,

When doing statistical tests on this data, it is important to 
note that two different random variables are at play, O and C:

The probability of a certain cell to be occupied with eth-
ylene is given:

Finally, the probability of an occupied cell to have a c and 
the probability of a cell to be occupied with a c is given by,

The statistic used for the purpose of analyzing the results 
of different sampling schemes was the z-test. The popula-
tion used, that is the ethylene concentration of the occupied 
cells in each simulation, is assumed as approximately nor-
mally distributed after applying the Box-Cox transformation. 
Additionally, all parameters of this population are known: 
mean ( � ) and standard deviation ( � ). For a certain sample of 
n cells with a sample mean s̄ , the z-test computes the z-score:

Moreover, two hypothesis have been defined: The mean 
of the sample isn’t significantly different from the mean of 
the population ( H0 ), and the mean of the sample is signifi-
cantly different from the mean of the population ( H1).

Given a significance level of 95% H0 is rejected in favor 
of H1 if |z − score| > 1.96 . This is a two-tail z-test. The z
-score is a measurement of deviation of the sample mean 
from the population mean taking into account both the 

y
(�)

i
=

{

y�
i
−1

�
if � ≠ 0,

log
(

yi
)

if � = 0.

O = Occupation of a cell,O ∈ 𝔹.

C = Ethylene concentration of a cell,C ∈ ℝ
>
0

P(O = 1) =
Number of occupied cells

Total number of cells

P(C = c|O = 1) =
P(O = 1 ∩ C = c)

P(O = 1)
⇔

P(O = 1 ∩ C = c) = P(C = c|O) ∗ P(O = 1)

z − score =
s̄ − 𝜇

𝜎
√

n

sample size ( n ) and the population standard deviation ( � ). 
With this statistic, it is straightforward to make conclu-
sions on the confidence level of a certain sample to esti-
mate the population mean. If H0 is rejected then the sam-
ple mean deviates significantly from the population mean, 
which in the case of sampling scheme design, informs us 
that the sampling positions chosen are not appropriate to 
estimate the population mean.

In order to create an appropriate and optimal sam-
pling scheme for measuring ethylene concentration in an 
orchard, two attempts were made: using a random sam-
pling scheme, and using a regular grid. In all cases, the 
number of samples ( n ) was varied from 1 to 4 to 16, which 
are sample sizes that are feasible in real conditions. This 
sampling scheme analysis has the ultimate goal of trying 
to maximize the information value of a set of samples, 
minimizing the cost of that sampling.

3.6 � Random sampling

In order to test the performance of a random sampling 
scheme, an iterative approach was taken. For each simu-
lation 100 sample sets were selected per time step. Each 
sample set consisted of 1, 4 or 16 randomly selected 
points. The simulations were performed over 20 time steps 
of 15 s each. Only the presence of ethylene was analysed in 
these samples. If there was ethylene present in at least one 
of the elements of the sample set, that sample was taken 
into account and recorded.

Secondly, other 100 sample sets were randomly selected 
out of the occupied cells. This sample sets were then used 
to perform the z-test and the result recorded. This iterative 
process provides the probability of finding an occupied 
cell and also the probability of a sample of occupied cells 
to belong to the population where it was taken from, using 
� as defined before and a significance level of 95%. This 
process was also repeated for each of the zones defined 
in Fig. 3. Finally, a composite probability was computed.

The process described above is useful for determining 
the confidence level of a sample related to the popula-
tion where it was sampled from, but as mentioned before, 
the goal is to differentiate between different stages. For 
that, it is relevant to run the same process but sampling 
from populations that are known as being different. For 
instance, to determine if a random sample from the main 
volume of simulation n would, when applying the z-test 
considering the population to be the simulation m , return 
a non-significant difference between means. That will pro-
vide a confidence level in differentiating different popula-
tions using only a sample, and additionally, differentiation 
between fruit maturity stages.
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3.7 � Regular grid sampling

In order to test the performance of a regular grid sampling 
scheme, a grid composed of 1, 4 and 16 points was con-
structed, and its center points (Fig. 4). The same process as 
in the random sampling evaluation using the z-test was done 
with the regular grid sampling points.

4 � Results

4.1 � Ethylene distribution behaviour

After running the simulations, plots of the maximum ethyl-
ene concentration measured in the xy , xz and yz-plane where 
constructed. The simulation results for pre-climacteric (Fig. 

S1), entering climacteric stage (Fig. S2), and for the climac-
teric stage (Fig. S3) are available online as supplementary 
material. The heat maps depict the maximum ethylene con-
centration in the orchard through different wind speeds and 
provide the gas dispersion visualization in three perspec-
tives. This is aimed at uncovering the spatial distribution of 
the gas in the simulated apple orchard field.

In general, higher maximum concentration values can 
be found very close or on the ethylene emission sources 
positions with higher emission rate. The behaviour of gas 
distribution in a low wind speed condition is relevant: the 
spread of gas in relation to the ethylene emission source 
is quite small in all directions. Nevertheless, the apparent 
range of maximum ethylene concentration decreases with 
an increase in wind speed, which is expected. When wind 
speed is high, a shift occurs on this position and the emis-
sion source appears to be further away from the trees than 
it actually is. In the x direction this is more discernible in 
all stages.

Moreover, a shadow effect of the simulated trees is also 
clearly visible, especially when the wind flows in the y direc-
tion, causing a concentration of gas after the last tree in 
the row. This effect appears to be less important in the x 
direction due to the fact that the distance between rows is 5 
times the distance between trees. This can be stated visually 
in Fig. S1-3 for the maximum wind speed defined, but also 
quantified in Fig. 5.

It should be noticed that the gas distribution is absent 
along the z-plane above the tree level ( 3m ) in all simulations. 
This might be surprising but it is also expected since ethyl-
ene has about the same molecular weight as a standard air 
mixture. However, in these simulations, no z⃗ direction wind 
flow was considered, which might occur in a real setting 
with a more complex wind flow, that can cause gas disper-
sion above the tree canopy.

Fig. 4   Sampling points with a regular grid using n = 1 (°), n = 4 (∆) 
and n = 16 (×) in the main volume (xy-plane). All the points have 
z = 1.6 The (•) represents the tree positions

Fig. 5   The average, standard deviation and ethylene concentration limits. For the wind speed: 0 m/s (0.13 ± 0.52 μg/kg), 2 m/s (0.10 ± 0.30 μg/
kg), and 5 m/s (0.04 ± 0.16 μg/kg). For wind direction: x (0.05 ± 0.19 μg/kg) and y (0.11 ± 0.35 μg/kg)
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Furthermore, the maximum concentration of ethylene 
can be found roughly on the same positions in every stage 
that has the same wind conditions. This is expected but 
still an important point when considering sampling strate-
gies since with this, one can conclude that the same sam-
pling strategy can be applied to different ethylene emission 
stages with confidence.

In Fig. 6 it’s quickly concluded that the average con-
centration of ethylene in the occupied cells of the environ-
ment is more or less stable in all simulations across time. 
This suggests that a steady state is reached regarding the 
ethylene concentration distribution. Pre-climacteric simu-
lations show the lowest average ethylene concentration at 
the same time that lower wind speeds increase the average 
ethylene concentration (see Table 3).

The standard deviation is also constant across time 
in most simulations. The exception are the simulations 
with very low wind speeds (0 m/s), where there is an 
increase in the standard deviation in the environment and 
a decrease in all the other zones, more sharply represented 
in-between rows (see Fig. 5). Additionally, in the environ-
ment, a higher ethylene emission and higher wind speeds 
return a higher standard deviation of the ethylene emission 
concentration.

The maximum recorded ethylene concentration is more 
variable across time than the other displayed statistics but 
is again relatively stable. In this instance, higher emission 
rates and lower wind speeds return the highest maximum 
ethylene concentration. The maximum ethylene concentra-
tion recorded in all simulations is observed in the climacteric 
stage, and at low wind speeds. The maximum values are 
on or close to the emission position which is in the rows. 
However, this maximum value decreases with time in the 
low wind speed simulations which again suggests a dilution 
effect with time when wind is not a factor.

The number of ethylene occupied cells in the environment 
is another important metric since it provides information of 
the probability of finding an ethylene filled cell. The dif-
ference in number of occupied cells between simulations 
occurs in-between the rows. This happens since the wind 
direction plays a fundamental role determining if the volume 
in between the rows gets occupied with ethylene or not as 
is clearly visible in the Fig. S1-3: when wind flows in the x 
direction, gas is distributed in between rows while wind in 
the y direction keeps the gas in the rows.

When looking for higher concentrations of ethylene the 
zones that can give the most reliable estimation of the ethyl-
ene concentration are those measurements obtained in-rows. 
Moreover, when measuring in an outdoor environment—
such as, a fruit orchard—wind is an important factor to have 
into consideration before employing any sampling scheme. 
Figure 7 shows that when deciding about the most reliable 
zone to take samples from the in-rows still prevail over 

in-between rows, because the ethylene concentration is in 
general higher in rows.

4.2 � Comparing sampling strategies

The aim of this comparison is to find the best strategy to 
estimate the average concentration of ethylene in the envi-
ronment. For this purpose, and for each simulation and time 
step, the statistic analysis explained in Section Statistical 
analysis is applied.

4.3 � Random sampling

When testing a one point random sample in the simulated 
environment to determine the average ethylene concentration 
we can easily conclude that the sample point is significant 
if located in an ethylene filled cell. That is, the confidence 
level of 1 random sample is very close to 100% in all zones 
and simulations and also across time as shown in Fig. 8. The 
issue is that the probability of a randomly sampled cell to 
be ethylene occupied is low in most zones. In the rows the 
average probability of finding ethylene is higher than in the 
other zones (see Fig. 8). With 4 samples the result is more 
or less the same as with 1 samples. The confidence level 
of the sample decreases very slightly. Nevertheless, when 
looking at ethylene existence, the probability is in general 
much higher in all zones and simulations, when compared 
with only 1 samples. This also results in a composite level 
that is higher in rows as can be appreciated in Fig. 8. Finally, 
the confidence level remains mainly unchanged from 16 to 4 
random samples. The probability of existence of ethylene is 
however much higher than with only 4 samples, especially 
in the rows. This results in a composite confidence level that 
is also very high in the rows (see Fig. 8).

4.4 � Regular grid

The regular grid z-score is plotted in Fig. 9 for the different 
amount of points, and it’s relevant to note that it increases 
in general with the number of points. Using only the center 
point, almost all the simulations fall within the confidence 
interval for the z-score while this is not true for the other 
number of points. There is also a clear tendency to under-
estimate the population mean since overall the z-score is 
more negative than positive. Overestimation only occurs 
when wind speeds are high and ethylene emission is low.

When making the comparison between different simula-
tions with the regular grid points the same effect that was 
determined with the random points is concluded: it’s more 
likely to confound a higher ethylene emission stage with a 
sample from a lower emission stage than the reverse. Addi-
tionally, it appears that between climacteric simulations the 
confidence level is high in all number of regular grid points.
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Fig. 6   Average, standard deviation, maximums and minimums of concentration of ethylene (μg/kg) in the different simulations and zones

Table 3   Average, standard 
deviation, absolute values of 
concentration of ethylene (μg/
kg) in the different simulations 
and zones

Environment Main volume In rows In-between rows

Pre-climateric 0.04 ± 0.14 0.07 ± 0.18 0.17 ± 0.52 0.06 ± 0.14

Entering climateric 0.09 ± 0.29 0.14 ± 0.39 0.38 ± 1.17 0.13 ± 0.33

Climateric 0.17 ± 0.67 0.30 ± 0.98 0.90 ± 3.28 0.28 ± 0.85



221Horticulture, Environment, and Biotechnology (2021) 62:213–224	

1 3

Fig. 7   Relation between wind 
speed and average ethylene 
concentration in the 4 differ-
ent zones. The coloured lines 
represent the trend line for each 
zone, as given by the equa-
tion y = a+bx where b is the 
decrease in average ethylene 
concentration (μg/kg) per addi-
tional unit of wind speed ( m∕s)

Fig. 8   Mean confidence level, probability of existence, composite level of the ethylene concentration random samples across time
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Finally, it should be noticed that the 4 and 16 points have 
similar confidence profiles in-rows, and in-between-rows 
with regard to random sampling. Actually, both fall in the 
fourth quarter of confidence, with an average difference of 
about 10% , where we can infer that 16 samples is not a better 
sample set versus a 4 samples. This approaches confidence 
matching is noticed in Fig. 10.

5 � Discussion

The spatial–temporal variation of ethylene in an apple 
orchard is not a parameter easy to assess because of its 
fast dynamics and unpredictable weather conditions on 
the field. This process is quite complex since a number 
of uncertainties are present. This was previous noticed in 
related research (Monroy and Gonzalez-Jimenez 2017). 
The research approach that was used was also to adopt a 
simulated model from the environment and emission sources 
(Monroy et al. 2017).

An effort was made to obtain an approximate computa-
tional model from the apple orchard to infer the spatial–tem-
poral ethylene distribution when subject to different wind 
speed and directions. This is a key parameter in this study 
as already pointed out by Popoola et al. (2016). The field 
was modelled with respect to the field data acquired by plant 
research experts using conventional measuring instruments 
and invasive techniques (Cristescu et al. 2012).

Through the simulation we could verify some expected 
behaviours such as that for low wind speeds the gas remains 
close to the ethylene emission source; concentration decrease 
with the wind speed; the ethylene plume shifts in the wind 
direction as previous indicated in (Villa et al. 2016); pre-
climacteric shows lower average ethylene concentration as 
enhanced in Paul et al. (2011); and gas dilution effect can 
be appreciated over the time for low-wind speeds (Génard 
and Gouble 2005).

It was interesting to observe in simulations that ethyl-
ene emission increases exponentially over the fruit matu-
rity stages and that higher concentration values might be 
found within the orchard rows. Nevertheless, it should be 
enhanced that in-between-rows the variations are smaller. 
Which indicates that quantifying the magnitude in that 
zone will be less efficient—because the absolute ethylene 
concentration is smaller—but that the measurements will 
be more constant. Another important behaviour observed 

Fig. 9   Comparison of z-score between regular grid of 1, 4 and 16 
points as displayed in Fig. 4. The lines show discontinuities when no 
ethylene concentration is present at any of the measurement points. 
The dotted lines represent the confidence interval defined in the z
-test. Very positive z-scores ( z − score > 1.96 ) suggest an overestima-
tion of the population mean while very negative ( z − score < −1.96 ) 
suggest an underestimation of the population mean

▸



223Horticulture, Environment, and Biotechnology (2021) 62:213–224	

1 3

it is that the gas distribution is absent in the z-plane, 
which indicates that the measurement should not be done 
above the trees.

A process to take in consideration when carrying out 
the experiments outdoor is the ethylene dispersion when 
subject to wind, and the dilution with time. It was veri-
fied that for wind speeds greater than 3m/s the detection 
is less probable to occur. Moreover, it was verified that 
the average concentration achieves the steady-state in an 
open environment under ideal conditions.

The sampling scheme to be adopted plays an important 
role in the fields measurements because it defines the 
amount of resources and time that must be employed. 
More samples mean more execution time and conse-
quently increase the cost and complexity of the opera-
tions. It’s clear that a regular grid performs worse than a 
random sampling.

This study provide analytical evidences that a ran-
dom sampling with 16 points will give a better estimate. 
Nevertheless, it was also proved that the sampling points 
optimization from 16 to 4 has an affordable confidence 
cost as shown in Fig. 10. The sampling strategy to adopt 
it will be dictated by the amount of resources and the time 
window available to carry out the field practices.

Having in consideration the results of this study, for 
future work further environment variables will be added 
to the current orchard model, e.g., cross sensitivity from 
other gases (Popoola et al. 2016). This step will give more 
insights how adapt the sampling scheme to sensors uncer-
tainties and later to make a model uncertainty analysis 
(Uusitalo et al. 2015).

6 � Conclusions

In conclusion a novel apple orchard simulator for ethylene 
emission analysis was developed based in open-source soft-
ware and build using biophysical parameters from a (Malus 
domestica Borkh) apple orchard. The simulator was success-
ful tested empirically. Different sampling schemes have been 
simulated to derive the best way to assess the ethylene con-
centration in an open field. This computational approach can 
be extended to other crops where there is the need to study 
further ethylene emissions in an uncontrolled environments 
and develop strategies to assess it. The authors are confident 
that this simulator could be useful for further research and 
for education purpose.
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