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Abstract. The aim of this study was to investigate the structural determinants of grain yield per
plant in bread wheat (Triticum aestivum L.) and to assess the contributions of morphological and
yield-related traits. Descriptive statistics, Pearson’s correlation analysis, path coefficient analysis,
and Structural Equation Modelling (SEM) were employed. A total of 53 genotypes from the bread
wheat collection of the Genetic Resources Institute (Baku, Azerbaijan) were evaluated for grain
weight per spike, thousand-kernel weight (TKW), grains per spike (GPS), plant height (PH), and
main spike length (SL). Analysis revealed that grain yield per plant (GWPP) was primarily influenced
by numerical (GPS, r=0.47) and mass-related (TKW, r =0.29) traits, whereas architectural traits
(PH, SL) contributed mainly indirectly. SEM showed that grain weight per spike (GWPS) acted as
a central mediating variable, channelling the effects of GPS and TKW to overall yield. The mass/
sink axis (TKW — GWPS) exhibited a stronger direct effect (standardised coefficient=2.18) than the
architectural axis (0.41), while architectural traits primarily supported sink capacity indirectly. The
final model demonstrated excellent fit (x*(3)=1.26, p=0.74; Comparative Fit Index=1.00; Root Mean
Square Error of Approximation=0.00; Standardised Root Mean Square Residual =0.036), supporting
the biological interpretability of the observed trait relationships. These results provide practical
insights for plant breeders and geneticists seeking to select high-yielding wheat genotypes under
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controlled field conditions and can be utilised in wheat breeding programmes to optimise strategies

for improving bread wheat production

Keywords: Triticum aestivum L.; grain yield; classical framework; chemical treatments; source-sink

dynamics

INTRODUCTION

Investigating the correlation and path relation-
ships of morphological traits in bread wheat using
Structural Equation Modelling (SEM) is essen-
tial for understanding the complex interactions
among yield components, including grain number,
grain weight, and plant architecture. Such analysis
enables the identification of direct and indirect ef-
fects of mass-related, numerical, and architectural
traits on overall productivity, providing insights
into which characteristics most strongly influence
yield formation. By quantifying these relation-
ships within diverse wheat genotypes, breeders
can prioritise traits that contribute most effective-
ly to grain yield, optimise selection strategies, and
improve the efficiency of breeding programmes.
Additionally, SEM allows for the integration of
multiple traits into a coherent model, revealing
hidden patterns and mediation effects that tradi-
tional correlation analyses may overlook, thereby
supporting data-driven decision-making in wheat
improvement under specific environmental and
agronomic conditions. The theoretical foundation
of this study rests on two complementary axes.

The first is the numerical axis, represented
mainly by the number of grains per spike (GPS).
L. Vicentin et al. (2024) investigated the contribu-
tion of the numerical component to yield varia-
bility in bread wheat and established that a large
proportion of yield differences originated from
this axis. T. Fischer et al. (2024) examined the im-
pact of numerical traits on overall grain produc-
tion and highlighted their critical role in geno-
type selection. K. Wang et al. (2023) analysed the
effects of limited photosynthetic supply on mass
per sink capacity and demonstrated its importance
for maintaining yield stability under stress condi-
tions. In research C. Zhang et al. (2022) explored
the physiological processes underlying average
grain mass (TWK), including carbon allocation,
assimilate transport, and endosperm development
during grain filling. R.B. Flavell (2023) studied the
architectural axis and its regulation of source-
sink balance, showing how synergistic operation

of numerical and architectural traits enhanced
grain weight per spike (GWPS) and grain yield per
plant (GWPP). X.-L. Wu et al. (2022) interpreted
yield formation within the classical source-sink
framework, emphasising the equilibrium between
assimilate supply and sink capacity during pre-
and post-flowering phases. In particular, T.O. Mil-
kessa (2022) demonstrated that grain yield was
frequently limited by sink capacity during grain
filling, indicating the necessity to improve both
number-related (GPS, NoSPS) and mass-related
traits (TWK) simultaneously to enhance overall
GWPP through the mediating effect of GWPS. In
the study, T.H. Borkhatariya et al. (2025) investigat-
ed the relationships between yield and yield-relat-
ed traits in bread wheat using correlation and path
coefficient analysis. Furthermore, they identified
key traits, such as biological yield and number of
effective tillers per plant, which had significant di-
rect effects on grain yield. In addition, they evalu-
ated the influence of plant height and spike length
on overall productivity, determining their indirect
effects through key yield components. Moreover,
the study emphasised the importance of selecting
genotypes with optimised combinations of numer-
ical and mass-related traits to enhance stable grain
yield under diverse environmental conditions. The
study identified gaps including limited genotype
coverage, insufficient multifactor analysis of nu-
merical and mass-related yield components, in-
adequate evaluation of architectural traits under
diverse environments, lack of multi-season and
multi-location trials, and insufficient integration
of modern Structural Equation Modelling (SEM)
approaches, restricting the predictive capacity for
yield stability and the selection of high-perform-
ing bread wheat cultivars.

The objective was to examine the factors influ-
encing GWPP in bread wheat (Triticum aestivum L.)
and to assess the roles of various morphological
and vyield-associated traits. Accordingly, in this
study, biologically justified alternative SEM path-
way models were constructed, evaluated through
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indices such as Comparative Fit Index (CFI), Tuck-
er-Lewis Index (TLI), Root Mean Square Error of
Approximation (RMSEA), and Standardised Root
Mean Square Residual (SRMR), and interpreted
based on standardised coefficients and bootstrap
validation. Given the single-environment na-
ture of the dataset, the objective was to explore
the internal structural relationships among yield
components rather than to make broad, environ-
ment-general breeding recommendations.

MATERIALS AND METHODS

The experiment was conducted during the 2025
spring growing season. The experiment was carried
out in the experimental field of the Azerbaijan State
Genetic Resources Institute, which is officially des-
ignated for scientific research on cereal crops. A to-
tal of 53 bread wheat varieties ‘Oyxan’, ‘Ekinchi-84’,
‘Tereqqi’, ‘Murov’, ‘Qaudio’, ‘Mirbeshir-128’, ‘Ro-
manna’, ‘Ferehim’, ‘Midas’, ‘Nogal’, ‘Yasavul’, ‘Ol-
imp’, ‘Nurlu-99°, ‘Khamsa’, ‘Qualite’, ‘Deabar’,
‘Chempion’, ‘Bayraqdar’, ‘Azeri’, ‘Qobustan’, ‘Onur’,
‘Yuka’, ‘Lider’, ‘Shefeq-2’, ‘Mirastar’, ‘Fatime’, ‘Shah-
bugda’, Xlebodarka’, ‘Farandol’, ‘Khazri’, ‘Renan’,
‘Atilla’, ‘Batko’, ‘Ugur’, ‘Bagrat’, ‘Auradur’, ‘Leyaget-
li-80’, ‘Guneshli’, ‘Qizilbughda’, ‘Vusal’, ‘Metin’,
‘Kroshka’, ‘Zirve-85’, ‘Esgeran’, ‘Stan-Krasnodar’,
‘Gallio’, ‘Murov-2’, ‘Balaton’, ‘Seba-2’, ‘Qirmizigul’,
‘Tunc’, ‘Maruzio’, ‘Gyrmyzy bughda’ were used as
experimental material. Each genotype was grown in
a single-row plot with a single replication (one plot
per genotype) under uniform management. The field
was prepared using conventional tillage operations
applied uniformly across the entire experimental
area prior to sowing. All genotypes were sown on the
same date, at the same seeding rate, row spacing,
and planting depth to eliminate variation in plant
density and early establishment. Basal mineral fer-
tilisation was applied evenly across the field accord-
ing to regional agronomic recommendations for
bread wheat, ensuring equal nutrient availability for
all plots. Irrigation was carried out uniformly across
the experimental site based on crop water require-
ments and prevailing climatic conditions, prevent-
ing differential moisture stress among genotypes.

Weed control was maintained through
identical mechanical and/or chemical treat-
ments applied simultaneously to the whole
field area. Preventive plant protection measures
against common wheat pests and diseases were

implemented uniformly, and no genotype-specific
chemical treatments were applied. No thinning or
selective removal of weaker plants was performed
within individual plots, in order to avoid artificial
alteration of genotype performance. All plots were
managed under the same environmental and ag-
ronomic conditions without differential interven-
tions. These standardised practices ensured that
observed differences among genotypes reflected
genetic variability rather than variation in man-
agement conditions. This experiment represents
a single-environment evaluation (one growing
season and one location). The un-replicated (sin-
gle-replication) structure and lack of multi-en-
vironment testing limit the generalisability of
estimated associations; thus, the SEM was used
primarily to explore internal trait relationships
within the studied germplasm set.

The study was conducted in full compliance
with the ethical principles of the Convention on
Biological Diversity (1992), and all established
ethical requirements were strictly observed. The
plant materials used in this study were part of
the official wheat germplasm collection of the
Genetic Resources Institute, and no special eth-
ical approval was required. Descriptive statistics
(mean, standard deviation, and coefficient of var-
iation) were computed for all morphological and
yield-related traits. Pearson’s correlation coeffi-
cients were calculated to quantify pairwise associ-
ations among traits. To determine the magnitude
and direction of both direct and indirect effects
of the studied traits on GWPP, path analysis was
performed following the classical framework pro-
posed by S. Wright (1921) and further developed
by C.C. Li (1975). Given the moderate sample size
(n=53), particular emphasis was placed on mod-
el parsimony and biological interpretability. The
SEM was therefore specified with a limited num-
ber of latent constructs and theoretically justified
pathways to reduce the risk of overparameterisa-
tion. Model fit indices were interpreted cautiously,
recognising that very high values (e.g., CFI = 1.00,
RMSEA = 0.00) may partly reflect low degrees of
freedom rather than perfect biological representa-
tion. All statistical computations, including de-
scriptive statistics, correlation analysis, and path
coefficient estimation, were carried out using the
Jamovi software (version 2.4.14) and Python (ver-
sion 3.12.4) environments.
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RESULTS
First, all candidate variables were subjected to a
preliminary examination using descriptive sta-
tistics and a correlation matrix. Subsequently, a
biologically justified multiple path model (MPM)
was constructed, and comparisons were per-
formed based on fit indices (x2, CFI, TLI, RMSEA,
SRMR), parsimony indicators (Parsimony Normed
Fit Index (PNFI), Akaike Information Criterion/
Bayesian Information Criterion (AIC/BIC)), and
standardised coefficients/Bootstrap GA-based
comparisons. During this screening process, the
variables NoPT (number of productive tillers),
NoSPS (number of spikelets per spike), and GPS
(number of grains per spikelet) were evaluated and
tested in structural blocks in different schemes.
However, when making the final (best fit-simplest
structure) selection, adding these variables to the
model as free paths (i) did not increase global fit,
(ii) did not independently and consistently in-
crease the explained variance contribution com-
pared to the basic components already present in
the model (especially GWPS and TWK), and (iii)
weakened parsimony in the context of the sam-
ple size (n=53). The selected final model provides
excellent global fit and high interpretability by
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focusing on the relationship between mass/sink
capacity captured through the information con-
tent GWPS and TWK and GWPP. This choice is
based on two principles: (i) The principle of medi-
ation - the effect of numerical components (No-
SPS, GPS) is primarily reflected in yield through
the GWPS channel; therefore, repeatedly intro-
ducing the same information into the model both
directly and indirectly creates unnecessary free-
dom and uncertainty. (ii) The principle of parsi-
mony - removing paths that do not increase fit in
a small/medium sample (n=53) increases the sta-
bility of the coefficients and the reliability of the
inferences. However, the descriptive statistics and
bivariate relationships of the NoPT-NoSPS-GPS
variables are included in the report; their roles in
the theoretical framework (representing numeri-
cal capacity and spike architecture) are discussed
in the discussion section. Thus, while theoretical
integrity is preserved, the empirically strongest
and simplest structure is carried over to the re-
sults section. The descriptive statistics obtained
at the beginning of the study in Table 1 reveal
both the central tendencies and the distributional
patterns of the variables, guiding how subsequent
modelling steps should be designed.

Table 1. Descriptive statistics

GWPP TKW GPS PH LoS
Mean 6.84 49.3 45.7 103.6 1.3
Median 6.58 49 45.4 102.8 10.3
Maximum 20.3 62 70.8 126 38.9
Minimum 2.60 40 32 83.4 6.8
Std. Dev. 2.79 5.38 7.50 9.50 5.03
Coef.Var 40.8 10.9 16.4 9.16 44.5
Skewness 2.19 0.28 0.72 0.07 414
Kurtosis 1.3 2.89 4.07 2.59 20.8
Jarque-Bera 192.6 0.724 7.074 0.413 855.1
Probability 0.000 0.696 0.029 0.813 0.000
Observations 53 53 53 53 53

Source: compiled by the authors

GWPP: The mean is 6.84 g plant!, the me-
dian is 6.58, and the range is 2.60-20.30. With a
standard deviation of 2.79 and CV of 40.8%, a high
dispersion is observed. The skewness = 2.19 and
kurtosis = 11.3 measures indicate that the distri-
bution is distinctly right-skewed and heavy-tailed.
The Jarque-Bera=192.6 (p < 0.001) result confirms
a significant deviation from normal distribution.

TKW: The mean is determined to be 49.3 g
1,000 grains’!, the median is 49.0, and the range
is 40-62. Standard deviation=5.38 and CV=10.9%
indicate low variability. Skewness = 0.28 and kur-
tosis = 2.89 values show that the distribution is
close to normal; Jarque-Bera = 0.724 (p = 0.696)
confirms that this fit is statistically supported.
GPS: The mean is 45.7, the median is 45.4, and
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the range is 32-70.8. With a standard deviation
of 7.50 and a CV of 16.4%, a moderate level of dis-
persion is observed. Skewness = 0.72 indicates a
moderately positive tail, and kurtosis =4.07 indi-
cates slight peakedness. The Jarque-Bera = 7.074
(p=0.029) value indicates a limited deviation from
the normal form. PH: The mean is 103.6 cm, the
median is 102.8 cm, and the range is 83.4-126 cm.
With a standard deviation of 9.50 and CV=9.16%,
the lowest dispersion is observed in this variable.
The measures skewness =0.07 and kurtosis = 2.59
indicate that the distribution is symmetric and
close to normal; Jarque-Bera = 0.413 (p = 0.813)
confirms that the fit to the normal distribution is

GWPP

TKW

PH

LOS

G$QQ &{_S é{o

acceptable. LOS (ear length). The mean is record-
ed as 11.3 cm, the median as 10.3 cm, and the
range as 6.8-38.9 cm. With a standard deviation
of 5.03 and a CV of 44.5%, the highest heteroge-
neity is observed in this variable. Skewness =4.14
and kurtosis =20.8 indicate a pronounced right-tail
and heavy-tail structure. The Jarque-Bera = 855.1
(p<0.001) result confirms a strong deviation from
normal distribution. Following descriptive statis-
tics, bivariate relationships between variables were
examined using the Pearson correlation matrix in
Figure 1, where coefficient magnitudes are catego-
rised according to conventional thresholds (=0.10-
0.29 weak; =0.30-0.49 moderate; >0.50 strong).

1.00

0.00

-0.25
-0.50
-0.75

-1.00

Figure 1. Correlation matrix heatmap

Source: compiled by the authors

GWPP was found to have a moderate and pos-
itive relationship with GPS (r=0.471). This result
suggests that yield is significantly influenced by
the numerical component (number of grains per
head). A weak-moderate positive relationship was
found with TWK (r=0.286); it is understood that
the increase in average grain mass contributes to
yield, but to a more limited extent compared to
GPS. Relationships with architectural indicators
are weak: PH-GWPP r=0.218, LoS-GWPP r=0.102;
this pattern implies that architecture reflects on
yield more through indirect channels. It has been
determined that the relationship between TKW
and GPS is negligible (r =-0.028). This finding

indicates that no significant “compensation/trade-
off” signal has emerged between the numerical
and mass components under these materials and
conditions, suggesting that the two components
can move independently. The weak positive rela-
tionships between TKW and PH (r=0.153) and LoS
(r=0.103) suggest that mass capacity is only mod-
erately correlated with architecture. GPS has a very
low correlation with architectural indicators (PH-
GPS r=0.025, LoS-GPS r =-0.037). This indicates
that the processes determining spikelet/floret
dynamics and fertility can operate independently
of the measured architectural indicators. On the
other hand, GPS’s moderate positive correlation
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with GWPP (r=0.471) confirms its effect on yield.
A weak positive relationship was found between
the two architectural traits (r=0.139). This mag-
nitude suggests that architectural components,
while changing together, are not powerful enough
to explain yield variation on their own and should
be considered as control or indirect effects in
structural models. No high correlation (|r| > 0.85)
was found between predictors. In particular, the
fact that the TWK-GPS relationship is close to 0
indicates that the risk of multicollinearity is low
when both numerical and mass components are
included in the model simultaneously. This profile
statistically supports the separation of the effects
of the mass axis (TWK/GWPS) and the numerical
axis (GPS) in road analysis. The pattern in the

Eyyubova et al.

matrix shows that productivity (GWPP) is primar-
ily driven by numerical (GPS) and mass (TWK)
components, while architectural indicators (PH,
LoS) exhibit weak singular relationships. There-
fore, it is appropriate to model the yield flow in the
final structural design along the GWPS/TKW axis
and based on the assumption of the indirect effect
of GPS; architectural variables should be consid-
ered in an indirect/conditional role when there is a
theoretical justification. Following descriptive sta-
tistics and correlation patterns, a Structural Equa-
tion Model was estimated to evaluate the extent
to which the theoretical flow (architecture —» nu-
merical/mass components — ear mass — yield) was
supported by the data. The goodness-of-fit results
for this model are presented in Table 2.

Table 2. Model fit indices for the estimated SEM structure

Model tests
Label x? df p
User model 1.26 3 0.740
Baseline model 25.08 10 0.005

Source: compiled by the authors

The chi-square test for the user model,
x%(3) =1.26, p=0.740, indicates that there is no
significant difference between the observed co-
variance matrix and the covariance predicted by
the model. This result indicates that the absolute
fit is very good and that the model contains at
least 3 over-specified constraints (parsimony).
The baseline model provided for comparison
was significantly rejected with x%(10) = 25.08,
p=0.005; the data does not support the assump-
tion that the variables are independent of each
other. This dual table also implies that the rel-
ative fit indices (CFI, TLI/Non-Normed Fit In-
dex (NNFI), Bollen’s Incremental Fit Index (IFI),

Normed Fit Index (NFI), Relative Fit Index (RFI))
will be high; indeed, CFI reaches 1.00 as required
by the formula (when x* user — df user <0, the
numerator becomes 0). Furthermore, because
x? is smaller than df, Root Mean Square Error of
Approximation (RMSEA) is expected to be very
close to 0. In summary, the model tests results
show that the established structure explains the
data successfully and parsimoniously; therefore,
in the next step, the standardised path coeffi-
cients and indirect/total effects can be inter-
preted with confidence. The detailed fit indices,
including SRMR and RMSEA values, are summa-
rised in Table 3.

Table 3. Fit indices

95% confidence intervals

SRMR RMSEA

Lower

Upper RMSEA p

0.036 0.000

0.000

0.163 0.000

Source: compiled by the authors

The Standardised Root Mean Square Residual
(SRMR) =0.036 indicates that the average size of
standardised residuals is low and that the <0.08
(preferably <0.05) threshold is clearly met; this
implies that the model captures the covariance

structure at a detailed level. The RMSEA = 0.000
shows that the model error is well below the
“close fit” threshold (0.05-0.06), and the RMSEA
p(close)=0.777 indicates that the “close fit exists”
hypothesis cannot be rejected — strong evidence in
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favour of a close fit. The lower bound of the RMSEA
95% CI[0.000, 0.163] touching 0 indicates that the
point estimate is very low, while the width of the
upper bound may reflect uncertainty due to the
small df. When considered together, the SRMR and
RMSEA results in Table 3 confirm that the model
explains the data at a very good/close fit level, and
that the parameter (path coefficient) interpreta-
tions can be made with confidence. It should be

noted that extremely high incremental fit indices
(e.g., CFI=1.00, RMSEA=0.00) are not interpreted
here as evidence of biological perfection. In small
or moderately sized samples with low degrees of
freedom, such values may arise from model par-
simony and constrained structure. Accordingly,
model evaluation focused on consistency with bi-
ological theory rather than on numerical maximi-
sation of fit indices (Table 4).

Table 4. User model versus baseline model

- e:\isture Model Reference/Cutoff Assessment

CFI 1.000 20.95 good (20.90 acceptable) Excellent

TLI 1.386 >0.95 good Excellent (interpreted as =1.00)
NNFI 1.386 >0.95 good Excellent (=1.00)

RNI 1.116 >0.95 good Excellent (=1.00)

NFI 0.950 >0.95 good (=0.90 acceptable) Good (at threshold)

RFI 0.833 >0.90 preferred Moderate/Below preferred
IFI 1.079 >0.95 good Excellent (=1.00)

PNFI 0.285 | No hard cutoff; higher =more parsimonious (= >0.50 moderate) Low parsimony (few df)

Note: RNI - Relative noncentrality index
Source: compiled by the authors

After confirming absolute and local fit using
chi-square, SRMR, and RMSEA, additional in-
cremental (relative) fit indices were examined
to evaluate how much the user model improved
compared to the baseline model, as summarised
in Table 4. The incremental/relative indices in-
dicate that the model fits very well compared to
the independence model: CFI=1.000 is excellent;
TLI/NNFI and IFI exceeding 1 are due to soft-
ware rounding and are interpreted in practice
as =1.00 (perfect fit). NFI=0.950 fully meets the
good threshold value. Although RFI=0.833 is rel-
atively low, this index is sensitive to df and can
be explained by the small number of constraints.
PNFI = 0.285 indicates low parsimony (few con-
straints/few df), which is not a fit issue but rather
a measure of the model’s simplicity. The coeffi-
cients in the path diagram (factor loadings, error
terms, and direct/indirect effects) were inter-
preted on a numerical basis (Grace, 2009). It was
determined that the latent structure of Endgl
was scaled with a loading of 1.00 using GWPP
and therefore the error term for GWPP was 0.00.
The connection of Exgnl, representing the mass/
sink axis, with TWK was = 1.00 and the indicator
error term was at the level of ¢ TKW = 1.02. The

architectural/vigor axis Exgn2 was carried by PH
with a loading of 0.54 (¢ PH~0.71) and LoS with
a loading of 0.26 (¢ LoS = 0.93). This pattern in-
dicates that PH is more strongly represented on
the architectural axis than LoS (0.54 > 0.26) and
that the relative error share in the LoS meas-
urement is higher (0.93 >0.71). For the numer-
ical efficiency indicator at the head level, an er-
ror term & GPS = 1.05 was recorded; it was also
observed that GPS has out-of-model determi-
nants (Ochagavia et al., 2018; Slafer et al., 2023;
Wang et al., 2023). Overall, these results confirm
that the model exhibits strong relative fit, justi-
fying the interpretation of the standardised path
coefficients with confidence. The final structural
model, depicting the direct and indirect relation-
ships among yield-related traits, is presented in
Figure 2. The strong association between the
mass/sink axis and yield (Exgnl — Endgl = 2.18)
indicates that, within this dataset, maintaining
kernel weight during the grain-filling period rep-
resents a dominant structural component of yield
formation. In this single-environment evaluation,
the observed dominance of the mass/sink-relat-
ed axis is consistent with the recognised impor-
tance of kernel weight maintenance. However,
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specific agronomic recommendations (e.g., irriga-
tion management or late-season nitrogen strate-
gies) cannot be inferred from the present design
and should be explicitly tested in multi-environ-
ment and/or managed-stress experiments. The
positivity of Exgnl — GPS conveys the message
that suppressing TKW is not mandatory while in-
creasing grain number; it is understood that the
target of “GPST+TKW = stable” is achievable with
appropriate genotype x environment arrange-
ments. Exgn2 — Based on the Endg1=0.41 result,
the architecture should be maintained within a
yield-supporting range: Considering the strong
load of 0.54 for PH, sufficient vigour should be
ensured without increasing the risk of lodging.
Due to the weak load of 0.26 for LoS and the er-
ror £ LoS~0.93, monitoring spike length as a sec-
ondary/auxiliary indicator should be sufficient.
Ultimately, the strategy that most rapidly reflects
an increase in GWPP is “supporting GPS while
preserving (and if possible increasing) TWK” and
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managing architecture at a level that facilitates
this process (Zhang et al., 2020; Wu et al., 2022;
Fang et al., 2022). From a methodological per-
spective, the moderate sample size necessitates
cautious interpretation of the SEM results. Al-
though the model was intentionally specified in a
parsimonious manner, the possibility of capitalis-
ing on sample-specific covariance patterns cannot
be entirely excluded. Accordingly, the SEM pre-
sented here should be regarded as an exploratory
representation of yield-component structure and
requires confirmation using larger and replicated
datasets. The study is based on a single location,
a single growing season, and one replication per
genotype. Consequently, the magnitude of corre-
lations and SEM pathways may differ under alter-
native environmental conditions, management
regimes, or stress scenarios. The present findings
should therefore be regarded as exploratory and
hypothesis-generating, providing a basis for fu-
ture validation in multi-environment studies.
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Figure 2. Path diagram of the SEM depicting direct and indirect relationships among variables
among key morphological and yield-related traits in bread wheat

Source: compiled by the authors

DISCUSSION
In the results of the present study, it was deter-
mined that the main components influencing yield
formation in the evaluated bread wheat genotypes
were grain weight per spike and thousand-ker-
nel weight, which had a strong direct positive
effect on grain yield per plant, whereas architec-
tural traits (plant height and spike length) act-
ed as secondary factors influencing yield mainly
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indirectly through numerical and mass compo-
nents. These findings are consistent with M. Bar-
man et al. (2020), who reported a significant con-
tribution of morpho-physiological traits and grain
Fe and Zn content to yield and its components,
while A. Baye et al. (2020) highlighted the direct
and indirect effects of genotypic and phenotyp-
ic traits on grain yield in advanced wheat lines,
confirming the role of both mass and numerical
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components in productivity. Furthermore, A.A. Ez-
ici et al. (2022) demonstrated that morphological
and quality characteristics determine yield varia-
bility, which aligns with the relationships observed
in the current study between mass and grain num-
ber indicators. Overall, all three studies support
that the direct effect of mass-related components
on yield is dominant, whereas numerical and ar-
chitectural traits play auxiliary or indirect roles. In
the study, G. Kour et al. (2025) assessed genetic var-
iability and applied correlation and path analysis
to determine the direct and indirect influences of
morphological traits on grain yield. Furthermore,
they demonstrated that certain architectural and
numerical traits contributed differently to overall
productivity, providing insights for targeted se-
lection. S. Mahpara et al. (2024) analysed diverse
wheat genotypes to quantify the effects of spike
length, plant height, and grain weight on grain
yield. In addition, they established which traits
could be most efficiently manipulated to enhance
yield performance in breeding programmes. In the
article, A.G. Rajput et al. (2025) conducted correla-
tion and path coefficient analysis in bread wheat
to identify the relative contributions of morpho-
logical traits to productivity. Furthermore, they
reported that both direct and indirect pathways
of certain traits significantly affected grain yield,
highlighting the complexity of yield formation.
M. Yadav et al. (2025) examined genetic parame-
ters and performed correlation and path analysis
for yield and yield-contributing traits. Moreover,
they provided recommendations for breeders on
prioritising specific traits to achieve higher and
more stable wheat yields.

In the present study, the dominant contribu-
tion of mass-related components, specifically grain
weight per spike and thousand-kernel weight, to
overall yield was confirmed, with architectural
traits such as plant height and spike length ex-
erting mainly indirect effects through numerical
and mass traits. These findings are consistent with
M.I Ullah et al. (2021), who reported that grain
yield in bread wheat lines is primarily influenced
by mass and numerical traits, and that direct and
indirect correlations among yield components
are critical for yield improvement. Similarly,
I. Havryliuk & H. Kovalyshyna (2025) and S. Ar-
shad et al. (2025) showed that in soft winter wheat
hybrids, morphological traits of the spike and
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productive components of the ear are strongly as-
sociated with grain yield, supporting the conclusion
that mass and spike-related traits play a dominant
role, while architectural features act indirectly.
Collectively, these studies reinforce that main-
taining mass-related traits is essential for yield
optimisation, whereas numerical and architectural
traits contribute in secondary or mediating roles.

The study demonstrated that grain yield for-
mation in bread wheat is primarily governed by
mass-related components, particularly GWPS and
TKW, which exerted the strongest direct effects
on GWPP. Numerical components, represented
by GPS, and architectural traits, including PH and
LoS, contributed predominantly through indirect
pathways mediated via GWPS and TKW. Correla-
tion and path analyses confirmed that mass and
numerical traits operate largely independently,
with minimal trade-off, enabling simultaneous
improvement of both components. Specifically,
V. Chauhan et al. (2025) examined seventy-five
wheat genotypes and evaluated their phenotyp-
ic and genotypic performance for yield-related
traits. In addition, they highlighted that seed yield
per plant was strongly associated with number of
grains per spike and thousand-kernel weight, pro-
viding guidance for superior cultivar selection. In
the article, M. Javed et al. (2024) and G.P. Shara-
dhi et al. (2023) estimated heritability and geno-
typic variability among bread wheat genotypes and
analysed correlations for yield-attributing traits.
Moreover, they emphasised the traits that could
be prioritised in breeding programmes to improve
grain yield stability under varying conditions.

The results indicated that mass-related traits
are the most influential factors in yield determina-
tion, while numerical and architectural character-
istics play supporting roles. D. Zewdu et al. (2024)
investigated the relationships among yield and
yield component traits in bread wheat (Triticum
aestivum L.) genotypes. They applied correlation
and path analysis to identify key traits influencing
grain yield and to quantify their direct and indirect
effects. These findings highlighted the importance
of prioritising breeding and agronomic strategies
that enhance grain mass while maintaining spike
fertility and optimal plant architecture to maxim-
ise productivity. The study provided a foundation
for further research under multi-environment
trials to validate the observed relationships and
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explore genotype x environment interactions af-
fecting yield components.

CONCLUSIONS
The study demonstrated that wheat yield forma-
tion is governed predominantly by the interaction
of numerical and mass-related traits rather than
by architectural morphology. Among the exam-
ined traits, the number of GPS and the TWK jointly
determined the majority of yield variation, where-
as plant height (PH) and ear length (LOS) exhibit-
ed only indirect contributions through their influ-
ence on spike vigour and assimilate allocation. The
SEM confirmed that GWPS functions as the cen-
tral mediating variable, transmitting the effects of
GPS and TWK onto overall GWPP. The quantitative
results clearly emphasised that the mass/sink axis
(TWK + GWPS) exerts a substantially stronger di-
rect effect on yield compared with the architectur-
al axis, confirming that the maintenance of sink
capacity during the grain-filling phase is critical
for achieving high productivity. The positive as-
sociation between the mass and numerical axes
suggests that simultaneous improvement in both
grain number and grain mass is attainable with-
out a strong trade-off, provided that environmen-
tal and genetic conditions are properly balanced.
From a breeding perspective, the observed struc-
ture suggests that, within this germplasm and un-
der the studied conditions, GPS and TWK-related
components merit attention as primary yield-as-
sociated traits. The weak direct associations of
architectural traits imply that their role is largely
indirect, acting through support of sink-related
processes rather than as primary drivers of yield
variation. Nevertheless, the extent to which these
relationships hold across years, environments,
and management regimes should be confirmed
using replicated multi-location trials before agro-
nomic or breeding recommendations are general-
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the study provided an integrative framework for
understanding yield architecture in bread wheat,
indicating that improving the balance between
numerical and mass-related components of pro-
ductivity may represent a more effective pathway
to genetic gain than relying solely on morphologi-
cal modification. These insights can inform future
breeding research and generate hypotheses to be
tested for yield stability in multi-environment
evaluations. The results revealed that wheat yield
formation depends mainly on the synergistic bal-
ance between grain number and grain mass rather
than on architectural morphology. These findings,
within the limits of a single-season, single-loca-
tion evaluation, suggest that selection emphasis
may be placed on genotypes combining higher
GPS with stable TWK, but broader inference re-
quires multi-environment validation. This study
provided one of the first SEM-based insights
into yield architecture in Azerbaijan’s wheat ger-
mplasm. Because the experiment was conducted
in one environment (single year, single location)
with one replication, the results should be inter-
preted as exploratory and context-specific rather
than broadly generalisable. A promising direction
for future research is the evaluation of the stability
of the identified structural relationships between
yield components in multi-location, multi-factor
trials, taking into account genotype and environ-
ment interactions.
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AHoranist. MeTo10 [[bOTO IOC/iAKeHHS 0y/I0 BUBUEHHSI CTPYKTYPHUX HeTepMiHAHT YpOXKaiHOCTI
3epHa 3 ofHiei pocnuum y mimeHuili m’skoi (Triticum aestivum L.) Ta oljiHka BHECKY MOP()OJIOTiUHMUX
i IpooyKTUBHMX O3HAK. Y pob6OTi 3aCTOCOBAHO METOAM OMMCOBOI CTATUCTUKM, KOpesiLiiiHuit
aHanis IlipcoHa, aHaji3 NISIXOBUX KOoe(illieHTiB i MOIe/NI0OBaHHSI CTPYKTYPHUMM PiBHSIHHSIMU
(SEM). [HocaimxeHo 53 reHOTUNM 3 KOJIeKIii reHETUUYHUX pecypcCiB [HCTUTYTY TreHeTUUHUX
pecypciB (M. Baky, Asep6aiiakaH) 3a TaKMMM ITOKa3HMKAMM: Maca 3epHa 3 KoJjioca, Maca TUCSUi
3epeH (TKW), kinbkicTs 3epeH y kosioci (GPS), Bucota pocannu (PH) i JoBX1MHA roJIOBHOTO KOJI0Ca
(SL). Anani3 nokasas, 1110 BpoXaiiHicTb 3epHa 3 ofHiei pocauuu (GWPP) Bu3HauaeThcs nepenycim
Kinbkicaumu (GPS, r=0,47) i macoBumu (TKW, r=0,29) mokasHMKaMM, TO/i IK apXiTeKTypHi 03HAKMU
(PH, SL) maioTh nepeBaXHO omocepenKoBaHMi BIIMB. MogentoBaHHsl SEM 3acBifuuio, mo maca
3epHa 3 Kosioca (GWPS) BucTyIae meHTPaJIbHOIO MeiaTOPHOIO 3MiHHOI0, Yepe3 SIKY peasi3yeThCs
BriiMB GPS i TKW Ha 3aranbpHy BposkaiiHicTb. Bick «maca/cTik» (TKW — GWPS) xapakTepusyeTncs
CUJIBHIIIMM NpSIMUM edeKkToM (CTaHZapTu3oBaHMit KoedilieHT = 2,18), HiXX apxiTeKTypHa Bich
(0,41), Tomi SK apXiTeKTypHi O3HaKM IepeBa’kHO ONMOCEpPeIKOBAHO MiATPUMYIOTh IMOTeHIial
«CTOKy». [TobymoBaHa MoJeslb MPOLEeMOHCTPYBaa BiAMiHHY BiAmoBigHicTh maHum (x*(3) = 1,26,
p=0,74; CFI=1,00; RMSEA =0,00; SRMR =0,036), 1110 ImiagTBepaKye 6i0NOTiUHY iHTepIpeToBaHiCTh
BUSIBJIEHMX B3a€MO3B’I3KiB MixX o3HakaMu. OTpuMaHi pe3yabTaTy MalOTh IpaKTUUHEe 3HAUeHHS
IJISI ceJIeKIIiOHepiB i reHeTUKIB POC/MH Y ITpoIeci ;O060PY BUCOKOBPOXKANHMX T€HOTUITIB MIIeHUIT
B KOHTPOJIbOBAHMX TOJIbOBMX YMOBAX i MOXYTb OyTM BMKOPUCTaHi AJs ONTHUMIi3allii cTparerii
MiABUIIEHHS TPOAYKTUBHOCTI MIIEHUITi MSIKOT

KimouoBi cioBa: Triticum aestivum L.; ypoxKaiiHiCTh 3epHa; KIacUMUHA CTPYKTypa; xiMiuHi 06po6OKM;
IVHaMiKa Jykepesa-IorayHavya
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