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Marija Ravlić 4,* and Vladimir Meglič 5
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Abstract

Alfalfa (Medicago sativa) is a globally important forage crop; however, improvements in its
biomass yield have stagnated due to its complex genetic architecture and the costly, labor-
intensive phenotyping. This study evaluated the potential of the normalized difference
vegetation index (NDVI) to predict biomass yield and enhance selection efficiency in alfalfa
breeding programs. Specifically, nineteen alfalfa experimental populations (AEXP 1–19) and
one control cultivar (OS 66) were evaluated over two growing seasons in Croatia. NDVI
was measured at four development stages using a GreenSeeker sensor and compared
with forage yield, dry matter yield, and plant height. NDVI values varied significantly
among genotypes, years, and growth stages, ranging from 0.23 to 0.87, and increased
consistently from early to late vegetative phases. Strong positive correlations were observed
between NDVI and forage yield (r = 0.543–0.843) and plant height (r = 0.537–0.738) at early
vegetative, late vegetative, and early bud stages. Conversely, NDVI at the mid-vegetative
stage correlated negatively with yield and height (r = –0.622 to –0.794). High-performing
populations (AEXP 2, AEXP 15, AEXP 18) also exhibited the highest NDVI values. NDVI is
a reliable, non-destructive indicator for early selection of high-yielding alfalfa genotypes,
although multi-location validation is advised to confirm its broader applicability.

Keywords: alfalfa; forage biomass yield; NDVI; development stages; plant breeding

1. Introduction
Alfalfa (Medicago sativa) is a highly valuable perennial legume species grown world-

wide, owing to its exceptional forage yield, high nutritional quality, broad adaptability,
nitrogen fixation, and a host of beneficial environmental services [1–5].

Increasing biomass yield has been and continues to be a predominant objective in forage
breeding programs. Alfalfa is an allogamous, autotetraploid species (2n = 4x = 32), and its
cultivars are synthetic populations consisting of heterozygous plants [6]. Forage yield is a
quantitative genetic trait controlled by genetic and environmental factors [7]. The rate of
genetic gain in forage crops (0.25–0.7% per year) is lower than that of the major cereal crops
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(1.3% per year), and in alfalfa, it has approached stagnation in the past few decades [8–10].
Breeding progress for alfalfa yielding ability is hindered by several factors. These include the
perennial nature of the crop (long selection cycles), small breeding investment, the harvesting
of the entire plant (and hence the inability to make gains in harvest index), multiple harvests
per year, as well as other factors such as high genotype by environment interaction, low
heritability, the inability to select real hybrids or pure lines (owing to severe inbreeding
depression), the high costs of phenotyping, tetrasomic inheritance, and the high level of
non-additive variance [1,6,11–15].

Common alfalfa breeding programs to improve biomass yield are typically conducted
through phenotypic recurrent selection, with or without progeny testing, to accumulate
beneficial alleles of specific genes within a population. During the selection process, nu-
merous accessions from the alfalfa germplasm collection are evaluated to identify the
diversity of the core collection based on their phenotypic characteristics. Traditional field
phenotyping for biomass yield in alfalfa and other perennial forage crops is a demanding,
time-consuming, labor-intensive, and expensive process, whether conducted on individu-
ally spaced plants in breeding nurseries or on material sown in experimental plots [16–20].
To accurately assess forage yield, experimental units must be harvested, dried, and weighed
to estimate dry matter content across multiple harvests and years, resulting in up to 40 total
harvests over the lifetime of a trial [21].

Plant phenotyping plays a central role in plant breeding, and the accurate and rapid
acquisition of phenotypic data is valuable for exploring the association between genotypes
and phenotypes [21]. Crop breeders are looking for tools that enable early yield prediction
to facilitate and accelerate the selection of desirable genotypes within a group of selection
candidates in field trials. Over the last two decades, a significant boom in the use of remote-
sensing tools for agricultural purposes has occurred [22]. Tedesco et al. [23] emphasize
that remote sensing technologies can significantly contribute to obtaining production and
quality insights, providing scalability, and supporting complex decision-making in farming.
They also highlight the value of these technologies in further research and the development
of handheld sensors to assess alfalfa biomass and quality.

The Normalized Difference Vegetation Index (NDVI) is a commonly used vegeta-
tion index in various crops, known for its ease of use and its ability to quickly provide
crop information such as nitrogen levels, moisture stress, grain yield, biomass yield, and
other traits [24–30]. Among proximal sensors, the GreenSeeker handheld (Trimble Inc.,
Sunnyvale, CA, USA) has been one of the most commonly used in agricultural research,
as it measures canopy reflectance at specific bands in the red (670 nm) and near-infrared
(780 nm) spectral regions and displays the Normalized Difference Vegetation Index (NDVI),
which is a valuable measure of plant productivity [31]. It is an active canopy sensor, which
permits the collection of reflectance data at any time of day, regardless of ambient light
conditions or cloud cover [32]. This remote sensing method is fast, non-destructive, and
easy to apply under field conditions, and it could be used as an additional selection criterion
in the assessment of crop biomass at different development stages.

Recent studies have started to explore remote-sensing tools for estimating alfalfa
biomass and yield. For example, in their review, Tedesco et al. [23] summarized multiple
studies showing that vegetation indices from terrestrial, UAV, and satellite platforms can
be used to estimate alfalfa biomass, with terrestrial and UAV platforms being the most
frequently applied. Li et al. [33] used satellite data, reflectance from different spectral
bands, and vegetation indices, along with statistical and machine learning algorithms (Ran-
dom Forest and Support Vector Machine), to predict alfalfa forage yield and aboveground
biomass. Their results showed that multi-parameter models combined with machine learn-
ing achieved the highest accuracy, with R2 values of 0.65 and low RMSE, while moisture-
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related vegetation indices also provided satisfactory predictions in single-parameter models.
Nguyen et al. [34] used an unmanned ground vehicle equipped with a LiDAR sensor to mea-
sure plant volume and two GreenSeeker sensors to record NDVI in perennial ryegrass field
trials. While the GreenSeeker sensors were used to capture NDVI across plots, the study
did not report any relationship between NDVI and biomass yield. Instead, LiDAR-derived
plant volume showed a strong correlation with actual fresh biomass (R2 = 0.71–0.73).

The objectives of this research were as follows:

(a) To determine the variation in NDVI values in alfalfa populations/cultivar at different
development stages,

(b) To estimate the relationship between NDVI and forage biomass yields and plant
height, and

(c) To explore the potential of NDVI measurement as an additional tool for application in
our alfalfa breeding to improve data collection and decision-making ability for the
early prediction of highly productive populations.

2. Materials and Methods
2.1. Plant Materials

The plant material for this research consisted of nineteen alfalfa experimental popu-
lations (AEXP 1–19), and the standard Croatian cultivar OS 66 was used as the control in
the trial. The experimental populations were developed after three cycles of phenotypic
selection from breeding nurseries, containing diverse alfalfa germplasm, in which superior
individual plants had been selected for higher forage biomass yield and persistency. All
alfalfa materials were created at the Department of Forage Crops Breeding and Genetics,
Agricultural Institute Osijek, Croatia.

2.2. Research Site

The experiment was located at the Agricultural Institute Osijek, Juzno predgradje
17, 31000 Osijek, Croatia (N 45◦32′25.82′′ E 18◦44′12.00′′) at an altitude of 90 m (Figure 1).
The soil type was eutric brown soil (eutric Cambisol), and according to a 2024 soil anal-
ysis conducted by the Croatian Agency for Agriculture and Food, the soil texture was
light sandy soil, slightly acidic (pH in H2O = 6.1), weak in humus content (1.75%), well
supplied with phosphorus (P2O5 = 14.70 mg kg−1), and richly supplied with potassium
(K2O = 25.90 mg kg−1). The area of eastern Croatia is dominated by a temperate continental
climate, with a multi-annual average temperature of 11.13 ◦C for the period of 1899–2023
and a multi-annual average precipitation of 693.2 mm for the same annual period [35].

2.3. Experimental Design

The field experiment was sown in March 2024 in a trial with four replications in a
randomized complete block design (Figure 1). Alfalfa experimental populations/cultivar
were sown by hand into a conventionally prepared seedbed to a depth of 1.5 cm, with a
planting rate of 15 kg ha−1. The basic plot area was 7.2 m2 (1.2 m × 6 m) with row spacing
of 20 cm. No irrigation water was applied during the entire experimental period. Weeds
and pests were controlled using recommended pesticides. Crop management was kept
uniform in all the experimental plots.

2.4. Field Data Collection

The data for this research were collected during the first and second alfalfa growing
seasons in 2024 and 2025. A GreenSeeker (Trimble Navigation Limited, Sunnyvale, CA,
USA) handheld active optical sensor unit was used to obtain NDVI values from crop
canopies. The sensor emits brief bursts of red and infrared light, then measures the amount
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of each type of light reflected from the plant. The sensor displays the measured value as an
NDVI reading (ranging from 0.00 to 0.99) on its LCD display screen. Because active sensors
such as the GreenSeeker have their own light source and are not affected by ambient
radiation, they can be used at any time of day or night, in different areas, and under
different ambient radiation conditions. According to the quick reference card [36] for the
GreenSeeker handheld crop sensor, its field of view is oval (Figure 2). This means that at a
height of 60 cm, its field of view is 25 cm wide, while at a height of 120 cm, its field of view
is 50 cm. In-field reflectance from the alfalfa crop canopies was obtained by holding the
sensor approximately 70 cm above the canopy and walking at a constant speed through
the middle of each experimental plot. Because the sensor’s field of view at a height of
70 cm is only 29 cm, the 120-cm plot was covered using four passes—two in one direction
and two in the opposite direction. The collected data represent the mean value of these
four passes. The field-of-view value was calculated using a proportional relationship
between the sensor height and field of view length, based on the manufacturer’s reference
measurements. The instantaneous field-of-view value was calculated using a proportional
relationship between sensor height and field of view width, based on the manufacturer’s
reference measurements, as follows:

IFOV/H = k

IFOV = (25/61) × 70 ≈ 29 cm

IFOV—field of view
H—sensor height above the surface
k—proportionality constant

NDVI readings were collected four times in all experimental plots of all populations in
both years of the study, at four different alfalfa development stages: early vegetative (EVS),
mid-vegetative (MVS), late vegetative (LVS), and early bud (EBS) [37]. NDVI measurements
were collected on 11 May 2024 and 17 May 2025 for EVS; 24 May 2024 and 23 May 2025
for MVS; 7 June 2024 and 29 May 2025 for LVS; and 16 June 2024 and 5 June 2025 for
EBS (Figure 3).

 

Figure 1. Experimental site location–Agricultural Institute Osijek, Croatia (N 45◦32′25.82′′

E 18◦44′12.00′′) and established field trial plots.
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Figure 2. Oval field of the sensor according to the quick reference card of the GreenSeeker sensor [36]
and the field of view shown by the geometric diagram.

 
(a) (b) (c) (d) 

Figure 3. Using the GreenSeeker handheld to collect NDVI measurements on alfalfa experimental
populations at different development stages: (a) early vegetative stage, (b) mid-vegetative stage,
(c) late vegetative stage, (d) early bud stage.

After the NDVI values had been read, yields of green forage and dry matter and
plant height were determined in all experimental plots of all alfalfa populations/cultivar in
both study years. Green forage yield was measured by cutting the whole plot area using
a forage plot harvester with an electronic weigh system (Hege Model 212, Wintersteiger
AG, Waldenburg, Germany) at the development stage of plants from late budding to early
flowering (data collected on 22 June 2024 and 12 June 2025). Immediately before cutting,
subsamples of approximately 500 g of green mass were taken from the middle of each plot,
weighed fresh, dried in a dryer at 105 ◦C for 48 h, and weighed dry to determine dry matter
content in order to calculate dry matter yield. Data obtained per plot were converted to tons
per hectare (t ha−1), and yields of green forage and dry matter were expressed per one cut.
Green forage yield (GFY) expressed in t ha−1 was calculated using the following formula:
GFY in kg per plot × 10,000/plot area in m2/1000. Dry matter yield (DMY) expressed in
t ha−1 was calculated as DMY in kg per plot × 10,000/plot area in m2/1000; DMY in kg
per plot = GFY in kg per plot × dry matter content (DMC). Plant height (cm) was measured
directly before cutting on all plots of each population on ten randomly selected plants (from
the ground to the top of the inflorescence) from the middle row of the plot.
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The analysis of the collected experimental data was performed using the STAR v. 2.0.1
software [38]. The data were subjected to analysis of variance (ANOVA) to enable LSD
calculation. Fisher’s protected LSD test was used at the 0.05 and 0.01 probability levels to
identify significant differences between the mean values of populations/cultivar and years.
Phenotypic correlations between the studied traits were calculated as Pearson’s correlation
coefficients, and the significance of the relationships was determined using the mentioned
statistical software.

3. Results and Discussion
Significant variations were obtained between alfalfa experimental populations/cultivar

in NDVI values at different development stages in both study years, as well as in other
observed traits, except for green forage yield in the first cut of the second growing season
(Tables 1 and 2, Figure 4). Analysis of variance also revealed a significant effect of year on
all research parameters in both growing seasons (Figure 5).

Scatter plot diagrams were generated to illustrate the relations between the tested
populations/cultivar and NDVI values measured at different vegetative stages of alfalfa
(Figure 4). The numbers 1 to 20 represent the populations/cultivar in the same order as
shown in Tables 1 and 2.

Table 1. NDVI values at four development stages of alfalfa and green forage yield (GFY), dry matter
yield (DMY), and plant height (PH) of 20 alfalfa experimental populations/cultivar in the first cut of
the first growing season (2024).

Experimental
Population

NDVI GFY DMY PH

EVS MVS LVS EBS t ha−1 t ha−1 cm

AEXP 1 0.33 0.69 0.83 0.80 10.99 2.86 70.33
AEXP 2 0.37 0.72 0.84 0.81 11.14 3.06 75.17
AEXP 3 0.34 0.69 0.82 0.80 10.93 2.79 68.75
AEXP 4 0.32 0.68 0.82 0.81 9.70 2.58 69.00
OS 66 0.33 0.70 0.81 0.81 10.93 2.83 70.17
AEXP 5 0.33 0.69 0.82 0.79 10.25 2.74 71.33
AEXP 6 0.35 0.67 0.79 0.75 9.15 2.40 64.25
AEXP 7 0.34 0.71 0.82 0.80 10.78 2.72 69.75
AEXP 8 0.23 0.52 0.76 0.76 9.56 2.34 66.42
AEXP 9 0.32 0.64 0.81 0.79 9.76 2.38 67.17
AEXP 10 0.24 0.53 0.73 0.76 8.74 2.30 64.75
AEXP 11 0.36 0.71 0.83 0.81 11.18 2.89 74.42
AEXP 12 0.27 0.61 0.81 0.81 10.21 2.63 65.92
AEXP 13 0.34 0.68 0.82 0.80 10.65 2.71 67.83
AEXP 14 0.35 0.70 0.83 0.80 10.68 2.83 70.67
AEXP 15 0.36 0.72 0.83 0.81 11.45 3.03 73.17
AEXP 16 0.31 0.65 0.81 0.79 10.18 2.71 72.75
AEXP 17 0.27 0.71 0.82 0.81 10.70 2.69 71.67
AEXP 18 0.38 0.73 0.83 0.82 11.01 2.91 73.67
AEXP 19 0.33 0.71 0.82 0.79 10.75 2.80 66.58
CV % 15.98 8.61 2.91 2.90 9.68 9.67 6.28
Average 0.32 0.67 0.81 0.80 10.44 2.71 69.68

LSD 0.05 0.073 0.082 0.033 0.032 1.431 0.371 6.200
LSD 0.01 0.097 0.109 0.044 0.043 0.494

Early vegetative stage (EVS), mid-vegetative stage (MVS), late vegetative stage (LVS), and early bud stage (EBS).

In the first growing season, during the early vegetative development stage of alfalfa,
the highest NDVI value was determined in the experimental population AEXP 18 (0.38).
High NDVI values were also observed in the experimental populations AEXP 2, 15, and
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11 (Table 1, Figure 4). In the mid-vegetative stage, the highest NDVI value was recorded
for the experimental population AEXP 18 (0.73), which was not significantly higher than
the measurements recorded in the experimental populations AEXP 2 and 15. A similar
ranking trend of experimental alfalfa populations was obtained when measuring NDVI
in both the late vegetative and early bud stages, and the highest values were recorded at
AEXP 2 (0.84 and 0.81), 18 (0.83 and 0.82), 15 (0.83 and 0.81), and 11 (0.83 and 0.81) in both
development phases, which were not significantly higher compared to most of the other
observed experimental populations. The statistically lowest NDVI values were obtained
in the experimental populations AEXP 10 and 8 in the early, mid, late vegetative, and
early bud stages, and additionally, the lowest value was also recorded in the experimental
population AEXP 6 at the early bud stage. The results of this paper showed significant
population variability in NDVI values at all development stages of alfalfa. These results
confirm the findings of previous studies on numerous crop species across various research,
where NDVI showed high levels of genetic variation, whether measured at one or multiple
plant growth stages [25,39–44].

Table 2. NDVI values at four development stages of alfalfa, and green forage yield (GFY), dry matter
yield (DMY), and plant height (PH) of 20 alfalfa experimental populations/cultivar in the first cut of
the second growing season (2025).

Experimental
Population

NDVI GFY DMY PH

EVS MVS LVS EBS t ha−1 t ha−1 cm

AEXP 1 0.47 0.51 0.85 0.86 31.42 5.68 82.25
AEXP 2 0.50 0.53 0.85 0.86 33.55 6.37 88.83
AEXP 3 0.40 0.43 0.84 0.85 32.43 6.29 87.83
AEXP 4 0.42 0.44 0.84 0.85 32.12 5.80 80.58
OS 66 0.48 0.52 0.85 0.86 32.28 6.03 80.08
AEXP 5 0.42 0.49 0.85 0.86 30.04 6.04 82.75
AEXP 6 0.44 0.50 0.84 0.86 30.52 5.57 81.83
AEXP 7 0.48 0.50 0.85 0.86 29.80 5.95 85.92
AEXP 8 0.34 0.42 0.81 0.84 28.90 5.31 76.42
AEXP 9 0.40 0.46 0.84 0.85 31.93 5.79 88.00
AEXP 10 0.41 0.44 0.84 0.85 30.62 6.06 85.83
AEXP 11 0.50 0.52 0.86 0.86 32.91 6.23 88.67
AEXP 12 0.41 0.43 0.85 0.86 31.23 5.84 80.08
AEXP 13 0.45 0.51 0.85 0.85 29.76 5.77 81.75
AEXP 14 0.42 0.48 0.84 0.85 31.96 6.00 82.25
AEXP 15 0.43 0.57 0.86 0.86 32.91 6.22 88.08
AEXP 16 0.41 0.46 0.84 0.86 31.65 5.43 82.17
AEXP 17 0.45 0.52 0.83 0.86 29.46 5.44 85.83
AEXP 18 0.49 0.52 0.86 0.87 33.10 6.35 90.75
AEXP 19 0.46 0.51 0.85 0.86 30.94 5.71 77.92
CV % 7.32 8.74 1.31 0.81 6.99 6.95 6.22
Average 0.44 0.49 0.84 0.84 31.38 5.89 83.89

LSD 0.05 0.045 0.060 0.015 0.009 NS 0.58 7.39
LSD 0.01 0.060 0.080 0.020 0.013 NS 0.77 9.84

Early vegetative stage (EVS), mid-vegetative stage (MVS), late vegetative stage (LVS), and early bud stage (EBS).

The average NDVI value of all experimental alfalfa populations/cultivar shown in
Tables 1 and 2 ranged from 0.32 and 0.44 (early vegetative stage) to 0.81 and 0.84 (late
vegetative stage and early bud stage). A consistent rise in NDVI values from early to later
growth stages is expected and is associated with the plant growth rate and greater biomass
accumulation, which leads to increased density and vigor of the alfalfa crop. Bostan
et al. [45] used the NDVI index to capture the temporal dynamics at different phenological
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stages of alfalfa and also detected that the values of the NDVI index increased until the
sprouting phenophase, when green mass was mowed for fodder. Chen et al. [46] found
that NDVI increased with increasing alfalfa yield.

The highest average coefficient of variation of NDVI values was found in the earliest
vegetative growth stage (15.98%), which is most likely related to uneven seed germination
after sowing and, consequently, to uneven growth and development of young alfalfa
plants (Table 1).
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Figure 4. Scatter plot diagrams for the NDVI values and populations/cultivar per year.

In the first cut of the first growing season, the significantly highest green forage yield
was recorded in AEXP 15 (11.45 t ha−1), while the highest values for dry matter yield and
plant height (3.06 t ha−1 and 75.17 cm) were recorded in AEXP 2 (Table 1). The superior
populations in all examined agronomic traits were also AEXP 11 and AEXP 18. High
population differences in forage yields indicate that genetic diversity within advanced
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populations can provide a valuable source of variation for further yield improvement. The
lowest yields of green forage and dry matter (8.74 and 2.30 t ha−1) were determined in
AEXP 10, while AEXP 6 had the lowest plant height (64.25 cm). Low values of the tested
agronomic traits were also observed in AEXP 8, 4, and 9.

 
(a) 

 
(b) 

Figure 5. Average annual values of the NDVI indexes (a) and investigated traits in the first cut in
both studied years (b), (NDVI 1–early vegetative stage, NDVI 2–mid-vegetative stage, NDVI 3–late
vegetative stage, NDVI 4–early bud stage; GFY–green forage yield, DMY–dry matter yield, PH–plant
height). Different letters indicate a significant difference between years at p < 0.01 according to
the LSD test.

In the first cut of the second growing season, NDVI values ranged from 0.50 (AEXP 2)
to 0.34 (AEXP 8) in the early vegetative stage, from 0.57 (AEXP 15) to 0.42 (AEXP 8) in the
mid-vegetative stage, from 0.86 (AEXP 18) to 0.81 (AEXP 8) in the late vegetative stage, and
from 0.87 (AEXP 18) to 0.84 (AEXP 8) in the early bud stage (Table 2, Figure 4). The highest
green forage yield was achieved by AEXP 2 (33.55 t ha−1), which was not statistically
significantly higher than the yields observed in the other studied populations, while AEXP
8 recorded the lowest yield value (28.90 t ha−1). The statistically highest dry matter yield
(6.37 t ha−1) was determined in AEXP 2, while the highest plant height was achieved in
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AEXP 18 (90.75 cm). The lowest dry matter yield and plant height values (5.31 t ha−1 and
76.42 cm) were observed in AEXP 8.

In both years of the study, experimental alfalfa populations that were superior in
forage yield and plant height generally also exhibited the highest and/or elevated NDVI
values across all observed development stages. The results of this study suggest that
NDVI measurements could be effectively utilized for the early prediction and indirect
identification of desirable alfalfa populations. Moreover, NDVI demonstrates potential as a
supplementary tool for breeders in supporting decision-making and selecting materials for
further breeding processes aimed at the development of new, higher-yielding cultivars.

Several authors also reported a positive relationship between yield and NDVI. Klimek-
Kopyra et al. [39] evaluated NDVI at different growth stages to indicate the productivity
in pea crops, while Yildirim et al. [43] assessed bread wheat genotypes based on their
physiological traits and NDVI measured at various growth stages. Similarly, Zsebő et al. [22]
used NDVI values from GreenSeeker and MicaSense Cameras at different phenological
stages to predict winter wheat yield.

The average annual values of the NDVI indexes at all development stages of alfalfa
were statistically higher in the second year of the study, except at the mid-vegetative stage,
where a higher value was recorded in the first growth year (Figure 5a). In the second year
of the study, significantly higher average yields of green forage and dry matter (31.38 and
5.89 t ha−1, respectively), as well as plant height (83.89 cm), were recorded in the first
cut compared to the first growing season (Figure 5b). Forage yields achieved in the first
cut of the second year of the study were over 50% higher compared to the year of alfalfa
establishment. This result is expected, considering that alfalfa is a perennial crop and
that the expression of its agronomic properties, in addition to the genetic potential of the
cultivar, is strongly influenced by the stand age of the crop [14]. Cavero et al. [47] also
reported that the maximum alfalfa forage yield was lower in the first year compared to the
following two growth years.

Correlations between traits observed in this study are shown in Figure 6. The results of
this research revealed that strong, significant positive correlations were observed between
green forage and dry matter yields (0.994), and between plant height and forage yields
(0.807 and 0.809). These results are in line with findings of Tucak et al. [48], Andrade
et al. [13], Acharya et al. [12], Jia et al. [49], and Greveniotis et al. [50], who studied the
relationships between the mentioned agronomic traits in various alfalfa research studies.
NDVI 1, 3, and 4 had positive correlations with forage yields, ranging from 0.543 (NDVI 3
and GFY) to 0.843 (NDVI 4 and DMY), indicating that NDVI measurements in these
vegetative stages could be used for indirect selection of high-yielding alfalfa breeding
materials. NDVI 4 was recorded during the early bud stage, when the plants had developed
proportional leaf and structural biomass. At this stage, the growth of leaves and stems and
the accumulation of dry matter progress in parallel, so NDVI 4 reflects the total biomass
of the plant well. Consistent with this, the highest coefficients of determination (R2) for
DMY, GFY, and PH were obtained at the early bud stage, corresponding to NDVI 4, with
respective R2 values of 0.71, 0.69, and 0.54. Kayad et al. [51] used Landsat 8 satellite imagery
to analyze NIR reflectance and calculate multiple vegetation indices (including NDVI and
SAVI) in different alfalfa phenophases. The highest correlations were found between the
actual dry matter yield and the predicted yield using NIR reflectance, SAVI, and NDVI,
with maximum correlation coefficients of 0.69, 0.68, and 0.63, respectively. A comprehensive
literature review revealed no studies reporting NDVI measurements in alfalfa using the
GreenSeeker or similar device with correlations as strong as those observed in this dataset,
underscoring its uniqueness and value. The particularly high correlation may reflect
homogeneous field conditions, precise DMY measurements, and well-timed field data

https://doi.org/10.3390/agronomy16010022

https://doi.org/10.3390/agronomy16010022


Agronomy 2026, 16, 22 11 of 14

collection. Further research across multiple locations is needed to evaluate the broader
applicability of these findings. Plant height showed a similar trend, with significant positive
correlations with NDVI 1, 3, and 4, which ranged from 0.537 (NDVI 3) to 0.738 (NDVI 4).
Significant positive relationships were also found between NDVI 1, 3, and 4, indicating that
alfalfa populations with high NDVI at one stage tend to maintain high NDVI throughout
most of the growing season. NDVI 2 values exhibited a significant negative correlation
with all evaluated parameters, with correlation coefficients ranging from –0.078 (between
NDVI 2 and NDVI 3) to –0.794 (between NDVI 2 and GFY). NDVI 2 showed negative
correlations, most likely because the data were collected in the mid-vegetative phase, when
alfalfa exhibited high leaf volume and high moisture content, which elevated the NDVI
values. At that stage, there was not yet a proportional increase in stem, height, and total
(structural) biomass. NDVI primarily reflects the intensity of greenery, while yield and
height depend primarily on the accumulation of structural biomass. This phenological
discrepancy leads to a negative correlation, and NDVI is therefore not suitable for yield
prediction at this phenological stage in our current study. NDVI 1, 3, and 4 were measured
during phases in which leaf development and stem and height growth occurred in parallel,
resulting in a positive correlation.

 
Figure 6. Correlation coefficient between observed traits of the alfalfa experimental populations. For
the traits description, see titles of Figure 5. ** Significant at p < 0.01.

4. Conclusions
The results showed statistically significant variation among alfalfa experimental pop-

ulations/cultivar in NDVI values at different development stages in both studied years,
as well as in other observed traits, except for green forage yield in the first cut of the
second growing season. A significant influence of year on all investigated parameters was
observed in both growing seasons.

The average NDVI value of all alfalfa experimental populations/cultivar in both years
of the study consistently increased from earlier to later growth stages, which is expected,
and is associated with the plant growth rate and greater biomass accumulation, leading
to increased crop density and vigor in alfalfa. The average annual values of the NDVI
indexes at all alfalfa development stages were statistically higher in the second year of the
study, except for the mid-vegetative stage, where the higher value was recorded in the
first growth year. Meanwhile, the average annual yields of green forage and dry matter
and plant height in the first cut of the second year of the study were statistically higher
compared to the values achieved in the first year. In both years of the study, the alfalfa
experimental populations that were superior in forage yield and plant height, in most cases,
also had the highest and/or high NDVI values across all observed plant development
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stages. The results obtained in this study suggest that NDVI measurements could be
used for early prediction and indirect identification of desirable alfalfa populations, and
that NDVI has potential as an additional tool to support breeders in decision-making
and selection of materials for further breeding processes in the development of new, more
productive cultivars. Positive correlations between NDVI measurements at early vegetative,
late vegetative, and early bud stages with forage biomass yields and plant height confirm
the possibility of using NDVI as an additional tool for application in our alfalfa breeding
program to improve data collection and decision-making ability for early prediction of
highly productive populations. To establish broader applicability, further research should
be carried out across multiple locations.
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