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Abstract: The quality of cotton fiber plays a pivotal role for both producers and processors, influencing
the market value and end-product quality. Certain cotton fiber properties, such as length, strength,
micronaire, and uniformity index, are crucial determinants of cotton quality. Despite its prominence
as a cotton-producing region, the Aegean region in Türkiye lacks comprehensive studies examining
the quality of its cotton fiber across different subregions and seasonal variations. This study aimed
to address this gap by investigating the variations in cotton fiber quality across different years and
subregions within the Aegean. This study involved the evaluation of a total of 368,686 individual
fiber quality analyses conducted over seven years across three subregions within the Aegean in
Türkiye. The fiber samples collected from Bergama, Söke, and Menemen underwent high-volume
instrument (HVI) analysis to evaluate the variations in cotton fiber quality across years and subregions,
considering the phenological stages of cotton and climate conditions. The findings highlighted
significant variations in the fiber quality traits among subregions, with environmental factors such
as temperature and humidity playing crucial roles. Higher average daily temperatures during the
flowering stage to boll formation contributed to higher strength values, while limitations on fiber
length were observed due to prevalent high temperatures. Additionally, variations in micronaire
values were linked to temperature and humidity conditions during boll development stages. This
study underscores the importance of comprehensively considering climatic factors to understand
their impacts on cotton fiber quality and suggests further research into the cotton plant’s phenology
and specific climate conditions for a more thorough understanding of environmental effects on
fiber quality.
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1. Introduction

The quality of cotton fiber is important for both cotton producers and processors [1].
For producers, fiber quality is paramount in determining the value of their cotton on the
market. Likewise, for processors, especially in the yarn spinning process, fiber quality
directly influences the end product [2]. Various properties are utilized by the cotton trade
and spinning industry to assess fiber quality, including length, length uniformity, strength,
micronaire, color, and trash [3]. Understanding the impact of these fiber quality properties
on processing, as well as their genetic and environmental determinants, is essential for
developing improvement strategies [4].

According to the Food and Agriculture Organization of the United Nations (FAO),
Türkiye ranks as the world’s sixth-largest cotton fiber producer, with an annual production
of 800,000 tonnes [5], and the Aegean region stands out as one of its primary cotton

Agronomy 2024, 14, 1276. https://doi.org/10.3390/agronomy14061276 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy14061276
https://doi.org/10.3390/agronomy14061276
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-0887-1121
https://orcid.org/0009-0002-9648-3184
https://orcid.org/0000-0003-4175-1815
https://orcid.org/0000-0002-8133-3186
https://doi.org/10.3390/agronomy14061276
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy14061276?type=check_update&version=1


Agronomy 2024, 14, 1276 2 of 14

production areas [6]. The cotton fiber produced in the Aegean region, known as “Aegean
Cotton”, is renowned for its high-quality attributes and is favored by textile producers [7].
Despite numerous studies evaluating the quality characteristics of Aegean cotton [6,8,9],
there remains a lack of information regarding its quality properties across multiple years
and different subregions.

The quality of cotton fiber is known to be influenced by both genotypic (G) factors [10–12]
and environmental (E) factors [6,13,14], as well as the interaction between them (G × E) [15,16].
Given the significant dependence of quality on environmental conditions, it is crucial to
understand the effects of various climatic factors across different cotton-growing regions on
fiber quality traits. Various studies have explored the impact of environmental factors on
fiber quality traits [3,17,18]. Among these factors, water limitation and drought conditions
are considered the primary environmental constraints on fiber quality [19]. Research by
Yağmur et al. [20] indicated that drought stress during early flowering and fiber elongation
stages led to reduced fiber length, attributed to adverse effects on cell expansion. However,
when the magnitude of the drought was taken into consideration, Basal et al. [21] found no
significant fiber quality decrease when the irrigation water amount was reduced to 75% from
100%. Air temperature is another critical factor affecting cotton quality, primarily influencing
secondary wall thickening during boll development [22]. This impact stems from constraints
on net crop photosynthesis and carbohydrate production, leading to cellulose accumulation in
fiber cells [23]. Pettigrew [17] found that fibers produced in warmer temperatures exhibited a
3% increase in strength compared to fibers under control conditions. Lokhande and Reddy [24]
explored temperature effects comprehensively, revealing relationships between fiber quality
traits and different day/night temperature regimes, observing an increase in micronaire and
uniformity up to 26 ◦C, followed by a decline beyond this temperature, alongside a linear
increase in fiber strength with rising temperatures. Additionally, they observed an increase
in fiber length up to 22 ◦C, followed by a decrease. Luo et al. [23] also explored the current
effect of increasing temperatures and the potential future effects, projecting an increase in
micronaire beyond the optimum range of 3.8–4.5 by 2030 during the boll development stage.

Although numerous studies have explored the environmental effects on fiber quality
characteristics, many have primarily focused on air temperature as the sole climatic factor [24–26]
and evaluated the effects mainly during the boll development stage. A very limited number of
studies have deciphered the effects of the climatic conditions during the different growth stages
of the plant across various environmental conditions. For instance, relative air humidity within
a specific temperature range may lead to variation in primary plant metabolism, including
photosynthetic activity [27,28]. Vapor pressure deficit (VPD) as a function of air temperature
and relative air humidity [29] strongly affects stomatal regulation and eventually carbohydrate
biosynthesis [30]. Furthermore, wind speed has significant impacts on both air temperature and
relative humidity overall [31]. Therefore, a comprehensive approach that considers the influence
of meteorological factors such as wind speed/direction, relative air humidity, and rainfall at
various growth stages of the plant, across multiple years and locations is necessary for a complete
understanding of the environmental effects on cotton quality parameters. Thia study aimed
to address four main objectives: (1) to investigate whether significant variations exist in cotton
fiber quality across different years, considering varying climate conditions in the Aegean region;
(2) to assess regional variations in the quality of cotton fiber; (3) to examine the contribution
of climate variability, including temperature, air humidity, and wind speed/direction, during
various developmental stages of cotton to changes in fiber quality; and (4) to understand the
effect of interactions between climate and region on fiber properties.

2. Materials and Methods
2.1. Data Collection

The fiber quality data, comprising 368,686 individual analyses, were provided by Izmir
Commodity Exchange R&D Laboratory and Consultancy Inc. (IZLADAS), Izmir, Türkiye.
The analyses in this study were carried out by IZLADAS between 2014 and 2020. IZLADAS
is a subsidiary of Izmir Commodity Exchange and is a laboratory company that provides
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analysis services to licensed warehouses authorized by the Ministry of Trade. Samples
were collected from three subregions within the Aegean region: Bergama (n = 48,285), Söke
(n = 283,353), and Menemen (n = 37,048), over seven years from 2014 to 2020. Quality
analyses were conducted using a “Uster M1000 High Volume Instrument (HVI)” system
(Uster Technologies AG, Uster, Switzerland). The analyses focused on four key quality
traits: micronaire (Mic), strength (Str), uniformity index (UI), and upper half mean length
(UHML). Mic was determined based on the air permeability of a sample, which was
influenced by fiber fineness, maturity, and packing density. Str was measured as the force
required to break a fiber bundle and is typically reported in grams per tex or grams per
denier. UI was calculated as the ratio of shorter fibers to longer fibers in the sample, UHML
representing the average length of the longer half of fibers in a cotton sample.

Climate data, including average air temperature (°C), maximum air temperature (°C),
minimum air temperature (°C), relative air humidity (%), rainfall amount (mm), wind
speed (m/s), and wind direction, were obtained from the Turkish State Meteorological
Service, provided at daily resolution for each of the three subregions across the seven years
(2014–2020).

2.2. Growth Stage Estimation

A comprehensive simulation algorithm utilizing planting dates and growing degree
days (GDDs) was employed to accurately predict the timing of five key growth stages
of cotton plants described by Oosterhuis [32]: emergence, squaring, boll development,
flowering, and maturity. The estimation of the timing of the growth stages involved five
consecutive steps, as explained below:

Step 1: Initially, soil temperature for each day was predicted as a function of air
temperature using the following regression equation established by Zheng et al. [33]:

Tsoil =
1
7

7

∑
i=1

Tair



f1 = 1.11x + 1.32
f2 = 1.12x + 0.16
f3 = 0.89x + 2.31
f4 = 0.78x + 2.87
f5 = 1.11x + 3.76
f6 = 1.27x − 1.14
f7 = 0.99x − 1.40

(1)

where Tsoil represents the estimated soil temperature, and Tair stands for the average air
temperature for a given day. The f values were derived from the regression equations
defined by Zheng et al. [33].

Step 2: The initial planting date was then estimated according to Boman and Lemon [34]
using the algorithm considering the soil temperature defined below.

PD0 = Tair

{
Currentsimulationdate, Tsoil10day ≥ 18.3 °C
Simulationprogresses, else

(2)

The algorithm calculates the average air temperature of the last ten days (Tsoil10day)
and defines the initial planting date (PD0) if the Tsoil10day is greater than 18.3 °C.

Step 3: The final planting dates for each year–subregion combination were selected
based on the precipitation amount during the predefined optimal planting period according
to the following algorithm:

PD f = Tair

{
PD0, P5day > 3 mm and P10day < 40 mm

Simulation progresses, else
(3)
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Step 4: Final planting date (PD f ) was estimated if the total precipitation for the 5 days
prior to the initial planting date (P5day) was more than 3 mm and total precipitation for the
10 days prior to P5day was less than 40 mm.

Step 5: After assigning planting dates, the algorithm estimated the dates corresponding to
different growth stages by employing the cumulative Growing Degree Days (GDD) approach
for cotton, based on the following formula reported by McMaster and Wilhelm [35]:

GDD =
Tmax − Tmin

2
− Tbase (4)

where Tmax is the daily maximum air temperature, Tmin is the daily minimum air tempera-
ture, and Tbase is the temperature below which the process of interest does not progress.
The Tbase for cotton is 15.6 °C according to Mauget et al. [36]. The average number of heat
units (°C) required for various growth stages of cotton are given below [37]:

• Emergence: 13 °C;
• First square: 260 °C;
• First flower: 454 °C;
• First open boll: 927 °C;
• Maturation: 1218 °C.

For each year and subregion, average climatic data corresponding to the cotton’s
growth stages were recorded for subsequent analysis. The growth stage estimation results
based on this calculation and model were observed and confirmed through field visits in
all three regions.

2.3. Data Analysis

All data analyses were conducted using R software version 4.2.3 [38]. A simple linear
model (model-1) was employed by using the lm function to investigate the relationship
between the dependent variables (quality traits) and two independent variables: subregion
and year. The model can be expressed as follows:

Y = β0 + β1 · REGION + β2 · YEAR + ϵ (5)

where Y is the dependent variable of interest, REGION is the independent variable rep-
resenting different subregions, YEAR is another numerical or categorical independent
variable representing the year of observation, β0 is the intercept term, β1 and β2 are the
coefficients (slopes) for the independent variables, and ϵ is the error term capturing the
variability not explained by the model. Then, the anova function was used to check the
statistical significance of each effect.

Pearson correlation coefficients were calculated with the cor function to evaluate the
magnitude of the relationships between quality traits and the meteorological factors for
each growth stage.

The quality traits and meteorological data were merged into one data frame, and another
simple linear model (model-2) including all 35 meteorological measurements (e.g., seven
meteorological indices from five growth stages) as fixed effects was used to evaluate the
effects of each meteorological factor on the quality traits as well as to evaluate overall model
performance. Principal component analysis (PCA) was conducted to visualize the factors
affecting the quality traits in three subregions across seven years. The res.pca function was
used from the FactoMineR package [39] in R. The factors of year and subregion were used as
qualitative supplementary effects, while the meteorological data averages for each growth
stage were used as quantitative supplementary effects in the function. Coordinates of the first
two principal components (PCs) for each factor (traits, years, locations, and growth stages)
were extracted and plotted by using the ggplot2 [40] package in R.
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3. Results

Among the regions examined, Menemen is situated approximately 60 km south of
Bergama, with Söke located a further 100 km south of Menemen. While each location expe-
rienced similar daily average temperatures ranging between 22.4 °C and 22.9 °C, there were
notable differences between the maximum and minimum temperatures (∆Max − Min)
(Figure 1). Specifically, the average ∆Max − Min in Söke (10.7 °C) was significantly lower
than in Bergama (13.2 °C) and Menemen (12.7 °C). Additionally, Bergama had a slightly
higher maximum temperature (30.0 °C) than Menemen (28.9 °C) and Söke (28.0 °C). Rel-
ative air humidity did not show significant differences among the three cotton-growing
subregions examined. However, the average air humidity in 2014 (61.5%) stood out as
notably higher compared to the other years (55.4%) (Figure 1). Similarly, the total precipita-
tion amount received during the cotton-growing season in 2014 differed significantly, being
62.9% higher (averaging 180.5 mm) compared to the average of the other years. Notably,
in Söke, the wind speed was determined to be significantly higher than in the other two
regions (Figure 2), with an average of 3.2 m/s compared to 2.5 m/s in both Menemen
and Bergama.

Figure 1. Variations in meteorological parameters [average temperature (AvgT), maximum tempera-
ture (MaxT), minimum temperature (MinT), differences between MaxT and MinT (∆Max − Min),
humidity (Hum), wind speed (Wind), and total rain amount (Rain)] from 2014 to 2020 in the Aegean
region in Türkiye. Mean values across the three subregions (Bergama, Menemen, and Söke) are
separately indicated in the figure for ∆Max − Min, humidity, wind, and rain, illustrating changes
over time.

Figure 2 illustrates the main meteorological parameters categorized according to the
cotton phenological stages in the examined regions. The data revealed distinct wind
patterns, with northeast winds prevailing in Bergama and northwest winds in Söke, partic-
ularly during the flowering, boll development, and maturation periods. Furthermore, the
late spring rainfall in Söke (total 111 mm), coinciding with the vegetative period of cotton,
exceeded that in Bergama (total 73 mm) and Menemen (total 60 mm). The slightly lower
atmospheric relative humidity in Bergama (51.7%) and Söke (52.3%) than Menemen (55.2%)
during the generative stages of cotton was noticeable (Figure 2).
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Figure 2. Variations in meteorological parameters [average temperature (AvgT), maximum tempera-
ture (MaxT), minimum temperature (MinT), humidity, wind direction frequency (Wind), and total
rain amount (Rain)] during phenological stages (emergence, squaring, flowering, boll development,
and maturation) of cotton in three subregions (Bergama, Menemen, and Söke) of the Aegean region
in Türkiye.

While daily average temperatures remained relatively stable, notable differences
were observed in the maximum and minimum temperatures in Söke during the boll
development and maturation periods following the flowering stage. Specifically, Söke
experienced significantly higher minimum temperatures (difference of 1.1 °C) and lower
maximum temperatures (difference of 2.7 °C). Conversely, Bergama exhibited slightly
higher maximum temperatures (difference of 1.9 °C) and daily average temperatures
(difference 0.9 °C) during the vegetative and early generative growth stages, including
emergence, squaring, and flowering.

The analysis of variance (ANOVA) of model-1, which included the years and sub-
regions as two main effects, showed that the effects of region and year were statistically
significant for all investigated traits for all investigated quality traits (Tables S1–S4). The
quality data fit a linear model in which all the meteorological measurements from each
growth stage were used as factor variables (model-2). The ANOVA results showed that
most of the meteorological factors in the linear model had significant effects on the eval-
uated quality traits (Tables S5–S8). The significant overall model p-values showed that
all four models were useful in explaining the quality traits (Table 1). However, when
the explanatory powers (adjusted R2) of the models were taken into consideration, the
meteorological data in the five different growth stages were able to explain the variability
in Mic (R2 = 0.274) better than the other three quality traits. The adjusted R2 values were
0.055, 0.055, and 0.051 for Str, UI, and UHML, respectively (Table 1). The residual standard
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errors (RSEs) also showed that there were smaller differences between the values predicted
by the model and the actual values for Mic.

Table 1. The evaluation parameters of statistical model-2 consisting of meteorological factors as
fixed effects.

Model Parameter Mic Str U I UHML

Model p-value <2.2 × 10−16 <2.2 × 10−16 <2.2 × 10−16 <2.2 × 10−16

Adjusted R2 0.274 0.055 0.055 0.051
RSE 0.225 2.098 1.602 0.985

The Pearson correlation coefficients between each quality trait and the meteorological
variables by growth stage showed that average temperature in the boll development stage
was highly correlated with Mic (r = 0.45); also, minimum (r = 0.33) and maximum
(r = 0.35) daily temperatures were found to be correlated with Mic in the same growing
period (Figure 3). On the other hand, rainfall in the boll development stage (r = −0.36) and
humidity in both the boll development (r = −0.31) and maturity (r = −0.25) stages were
found to be negatively correlated with Mic values. Wind also had coefficients of 0.20 and
0.18 for Mic in the emergence and boll development stages. Notably, the correlation
coefficients of ∆t were greater than 0.1 in all growth stages for UI. No obvious pattern or
high correlation was detected for Str or UHML in terms of pairwise correlation coefficients.
In general, the correlation coefficients were higher in the boll development stage than in
the other stages, indicating that the meteorological factors in this stage played a crucial
role in forming four of quality traits investigated. Especially Mic in this stage yielded the
highest correlation coefficients (Figure 3).

Figure 3. Pairwise correlation coefficients between quality traits [micronaire (Mic), upper half mean
length (UHML), uniformity index (UI), and strength (Str)] and meteorological data (AvgT: the mean
of daily average temperature (°C), MinT: mean of daily minimum temperature (°C), DeltaT: daily
MaxT − MinT average (°C), Hum: average of daily relative humidity (%), and Wind: daily wind
speed average (m/sn) across five growth stages).

Our findings revealed notable variations in the (Mic) values of the cotton fiber sam-
ples collected from the Aegean in Türkiye, with significantly lower averages (avg. 4.3)
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observed in 2014 and 2018, and the highest Mic values (avg. 4.7) were recorded in 2020 and
2016 (Figure 4). Conversely, the upper half mean length (UHML) values of the samples
exhibited minimal fluctuations across the years, ranging between 29.3 and 29.8 (Figure 4).

Figure 4. Variations in cotton fiber quality parameters [micronaire (Mic), upper half mean length
(UHML), uniformity index (UI), and strength (Str)] from 2014 to 2020 in the Aegean region in
Türkiye. Box plots refer to the mean values of three subregions (Bergama, Menemen, and Söke) that
are depicted for each year, illustrating changes in fiber quality over time.

Furthermore, a significant proportion of the fiber samples displayed uniformity index
(UI) values below 80 and above 87, although the mean values across sampling seasons
remained relatively consistent. The average UI values ranged between 83.0 and 83.6 during
the period from 2014 to 2020. Additionally, wider variations in strength (Str) were ob-
served in 2014 and 2015, similar to UHML, with Str values ranging between 30.9 and
31.8 (Figure 4). The Mic values of the fibers sampled from Bergama, Menemen, and Söke
exhibited minimal variation, ranging between 4.5 µg/inch and 4.6 µg/inch (Figure 5). Sim-
ilarly, the average UHML ranged from 29.5 mm to 29.7 mm across the examined regions.
However, both Bergama and Söke exhibited higher values for both quality parameters
compared to Menemen. In terms of UI values, Bergama yielded a higher average of 84.0%,
compared to 83.2% in Söke and 83.4% in Menemen. This trend was also reflected in the av-
erage Str values (Figure 5), with Bergama recording a higher value of 32.1 g/tex, compared
to 31.0 g/tex in Menemen and 31.4 g/tex in Söke.
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Figure 5. Variations in cotton fiber quality parameters [micronaire (Mic), upper half mean length
(UHML), uniformity index (UI), and strength (Str)] from 2014 to 2020 in the Aegean region in
Türkiye. Mean values across three subregions (Bergama, Menemen, and Söke) are depicted for each
year, illustrating changes in fiber quality over time.

4. Discussion

Despite cotton’s inherent plasticity in its growth response to environmental conditions [41],
primarily due to its indeterminate growth habit, its ability to grow and produce bolls is con-
strained by specific temperature ranges [42]. Saini et al. [18] reported that while cotton is well
adapted to semiarid regions, it remains vulnerable to high temperatures, particularly during the
critical stages of flowering and boll development. Cotton achieves greater fiber length during
boll development at 22 °C, with a decline observed at both lower and higher temperatures [42],
while fiber strength is enhanced when temperatures exceed 25 °C during this stage [43,44]. In
the examined subregions, the high average daily temperatures ranging from 25 °C to 27 °C
during the period spanning from flowering to boll formation was identified as the factor con-
tributing to the attainment of very high Str values (>31.0). The relatively higher Str values
and stronger fibers in Bergama could be attributed to higher maximum temperatures, despite
similar daily average temperatures across all locations (ranging between 25.5 °C and 25.8 °C).
Additionally, as suggested by Gipson and Joham [25], the stronger fibers obtained in Söke
than in Menemen could be attributed to higher minimum temperatures at night. While high
night-time temperatures generally lead to increased respiration rates and subsequent reduc-
tions in leaf ATP levels and carbohydrate contents, ultimately resulting in yield reduction [45],
Wu et al. [44] observed a correlation between elevated night-time temperatures and enhanced
fiber bundle strength. This association may be attributed to alterations in the rate of cellulose
deposition from anthesis to the onset of rapid cellulose deposition. The high average daily
temperatures prevalent in the region, typically conducive to high Str values, may serve as a
limiting factor for fiber length. Lokhande and Reddy [42] noted a linear increase in UHML
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between 18 and 22 °C, followed by a decline at temperatures exceeding this range. The observa-
tion that UHML approached the limit of the long class (>30 mm) in all examined regions could
be attributed to the exposure to temperatures surpassing this threshold following the flowering
period. Additionally, the ideal Mic value for high-quality cotton fiber falls within the range
of 3.8 to 4.5 [46], with the possibility of an increase in Mic due to a decrease in boll number
in cotton plants grown under high temperatures [23]. Numerous studies have demonstrated
the indirect relationship between high temperatures and Mic value increases [13,17,47]. In the
present study, the slightly higher Mic observed in Bergama and Söke compared to Menemen
could be attributed to the higher daytime maximum temperature and night-time minimum
temperature in these two regions, respectively. A study by Zhang et al. [48] indicated that
cotton fiber quality, including UHML, Str, and Mic, is primarily influenced by climatic condi-
tions, with UI having no significant impact. However, despite environmental conditions in the
studied subregions and the fiber obtained from cultivated cotton plants exhibiting a UI value
(>80%) surpassing established standards, the disparity between the regions is notable. Our
findings suggest a direct relationship between UI and fiber bundle strength, aligning with the
observations of Bargeron [49], who noted that mature, strong cotton maintains its original length
distributions better than immature, weak cotton. Numerous studies have examined the effects of
air humidity on fiber quality during postharvesting processes [50–52]. However, limited reports
have been published on the effect of air humidity on the quality of cotton fiber during boll
development. Most studies addressing boll development and climate conditions have primarily
focused on temperature variations [24,53,54]. Nevertheless, primary plant metabolism, such as
photosynthetic activity, can vary depending on relative air humidity within a given temperature
range [27,28]. The relatively higher humidity during the boll development stage in Menemen
than in other regions may explain its slightly lower levels for all fiber quality characteristics.
Notably, higher overall Mic values were observed in 2014 and 2018, coinciding with higher
average air humidity records, than in other growing seasons. In addition to the metabolic
impact of air humidity, the hygroscopic property of cotton fiber, which allows for high vapor
absorption from a moist atmosphere [51], could significantly influence fiber properties during
fiber formation. Plants grown in higher relative humidity conditions are expected to exhibit
higher stomatal conductance, photosynthetic rates, and greater carbohydrate accumulation [55],
potentially advantageous for earlier growth stages to achieve higher yields. However, humid
conditions, especially during boll development stages, may negatively impact Str and Mic
due to increased microbial activity, structural changes in cellulose molecules, and removal
of noncellulosic molecules from the fiber immediately after boll opening [56]. Therefore, we
suggest that higher relative air humidity during boll development in Menemen and in the
growing seasons of 2014 and 2018 were associated with relatively lower Mic and Stre values.
The relatively higher wind speeds during boll development in Söke (from NW) and Bergama
(from NE) than in Menemen may have generally contributed to lower air humidity levels. While
strong winds during the flowering and initial boll development stages can reduce cotton yield
due to shedding [57], vigorous northern winds typically occur just after this critical period
in both locations. However, despite the typical effects of wind on relative air humidity, the
higher rainfall in 2014 and 2018 appeared to be the primary determinant of humid seasons. In
addition to these indirect meteorological parameters, it can be inferred that relative air humidity,
especially during boll development, plays a key role alongside temperature in determining
cotton fiber quality. Principal component analysis (PCA) further demonstrated that air humidity
and rainfall, particularly during boll development, were negatively correlated with each quality
trait, especially Mic. In contrast, temperature (average, maximum, and minimum) during boll
development showed a positive correlation with these quality traits (Figure 6). Furthermore,
a strong negative correlation was observed between the Mic values and the growing seasons
of 2014 and 2018. According to the PCA results, fiber samples collected from Bergama exhib-
ited slightly positive correlations with quality parameters, although all regions generally met
higher standards.
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Figure 6. Principal component analysis (PCA) demonstrating relationship between location (BER,
MEN, and SOK), year (between 2014 and 2020), phenological stage (E, S, F, B, and M), and meteoro-
logical parameters (Min, Max, Avg, ∆t, Hum, Rain, and Wind).

5. Conclusions

Overall, our findings highlight several key conclusions: (1) High-quality fiber, meet-
ing established standards, has been consistently obtained from the Bergama, Söke, and
Menemen regions, where cotton cultivation is intensive. However, our results indicate
that environmental factors have contributed to variations in fiber quality among these
regions. The relatively higher Str values and stronger fibers observed in Bergama are likely
attributable to higher maximum temperatures, despite similar daily average temperatures
across all locations. Conversely, the stronger fibers obtained in Söke than in Menemen may
be attributed to higher night-time minimum temperatures. (2) The prevalent high average
daily temperature in the region, while conducive to obtaining high Str values, may have
imposed limitations on UHML. The UHML approaching the lower limit of the long class
across all examined regions may have resulted from exposure to temperatures surpassing
this threshold following the flowering period. (3) The slightly higher Mic values observed
in Bergama and Söke than in Menemen may have been linked to higher daytime maximum
temperatures and night-time minimum temperatures, as well as lower air humidity during
boll development, attributed to the strong northern winds in these two regions, respectively.
(4) Our results underscore the importance of considering not only daily average tempera-
ture but also maximum and minimum temperature, alongside air humidity and its indirect
factors, in understanding the impact of climate factors on cotton fiber quality. Furthermore,
further analysis of the cotton plant’s phenology in relation to specific climate conditions
is warranted to comprehensively understand the effects of environmental conditions on
fiber quality, both indirectly from the boll development stage and directly during the boll
development and fiber formation stages.

Derived from the above-mentioned approaches, we found that data analysis combined
with artificial intelligence tools has the potential to enable early market analysis in regions
with substantial cotton production. Furthermore, it could facilitate the anticipation of
potential future cotton production subregions based on climate change scenarios.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/agronomy14061276/s1. Table S1. ANOVA of model-1 for Mic. Table S2.
ANOVA of model-1 for Str. Table S3. ANOVA of model-1 for UI. Table S4. ANOVA of model-1 for
UHML. Table S5. ANOVA of model-2 for Mic. Table S6. ANOVA of model-2 for Str. Table S7. ANOVA
of model-2 for UI. Table S8. ANOVA of model-2 for UHML.
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