
PLOS One | https://doi.org/10.1371/journal.pone.0355598  August 14, 2026 1 / 13

 

 OPEN ACCESS

Citation: Gebeyehu MT, Yohannes DB,  
Feleke TT, Berhe ZG (2026) Effect of inter- row 
spacing and seed rate on growth; Yield and 
yield components of fenugreek (Trigonella 
foenum - graecum L.) in Tehuledere district, 
Northeastern Ethiopia. PLoS One 21(8): 
e0355598. https://doi.org/10.1371/journal.
pone.0355598

Editor: Nobuyuki Takahashi, Tokyo University of 
Agriculture, JAPAN

Received: March 29, 2026

Accepted: July 23, 2026

Published: August 14, 2026

Copyright: © 2026 Gebeyehu et al. This is an 
open access article distributed under the terms 
of the Creative Commons Attribution License, 
which permits unrestricted use, distribution, 
and reproduction in any medium, provided the 
original author and source are credited.

Data availability statement: The under-
lying data are available at the specified 
Zenodo repository: https://doi.org/10.5281/
zenodo.19682010.

RESEARCH ARTICLE

Effect of inter- row spacing and seed rate on 
growth; Yield and yield components of fenugreek 
(Trigonella foenum - graecum L.) in Tehuledere 
district, Northeastern Ethiopia

Maria Tesfaye Gebeyehu 1*, Derbew Belew Yohannes2, Tilahun Tadesse Feleke3, 
Zenebe Gebremedhin Berhe4

1  College of Agriculture and Environmental Sciences, Department of Plant Sciences, University of 
Gondar, Gondar, Ethiopia, 2  College of Agriculture and Veterinary Medicine, Department of Horticulture 
and Plant Sciences, Jimma University, Jimma, Ethiopia, 3  Ethiopian Institutes of Agricultural Research, 
Fogera National Rice Research and Training Center, Ethiopia, 4  College of Agriculture and Environmental 
Sciences, Department of Plant Sciences, University of Gondar, Gondar, Ethiopia 

* mariatesfaye1213@gmail.com

Abstract 

Fenugreek (Trigonella foenum-graecum L.) is well-adapted for growing in northeast-

ern Ethiopia due to its ideal agro-climatic conditions. Despite its potential, limited 

research has been conducted in Ethiopia to improve the productivity of this orphan 

crop particularly regarding optimal row spacing and seed rate. The current study eval-

uated the effects of inter-row spacing and seed rate on growth, yield components, 

and grain yield of fenugreek. Field experiments were conducted from July 2022 to 

January 2023 at Kete and Korke kebeles in the Tehuledere district of northeastern 

Ethiopia. The experiment was conducted using a randomized complete block design 

with a factorial arrangement of five seed rates (15, 20, 25, 30, and 35 kg ha ⁻ ¹) and 

three row spacings (20, 30, and 40 cm) with three replications. Statistix 10.0 software 

was used to evaluate data on growth and yield components. The highest seed yield 

(0.98 t ha ⁻ ¹) was found at 20 cm row spacing with a seed rate of 30 kg ha ⁻ ¹, while the 

lowest yield (0.36 t ha ⁻ ¹) was found at 40 cm spacing with a seed rate of  

15 kg ha ⁻ ¹, according to the results. To maximize fenugreek yield in the Tehuledere 

district and other similar agroecological areas, a row spacing of 20 cm and a seed 

rate of 30 kg ha ⁻ ¹are suggested. Further multi-season and multi-location studies 

are needed to validate the recommended seed rate and row spacing across varying 

agroecological conditions.

Introduction

Fenugreek (Trigonella foenum-graecum L.) is an annual, ‌‌self-pollinated diploid 
legume (2n = 16) belonging to the family Fabaceae [1]. It is commonly grown in 
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China, India, Egypt, Ethiopia, Morocco, Ukraine, Greece, and Turkey [2]. It originated 
in the nations that border the eastern shores of the Mediterranean [3]. In Ethiopia, 
fenugreek is mainly cultivated in highland areas between 1800 and 2300 meters 
above sea level, where the climate features alternating wet and dry seasons [4].

The crop has multiple uses, including as a food source, spice, medicinal plant, live-
stock feed, green manure, and rotational crop due to its nitrogen-fixing capacity [5; 6]. 
It is one of the main seed spices grown in Ethiopia's Amhara region, and smallholder 
farmers and private investors around the nation are eager to produce it [7].

Among agronomic management practices, seed rate and row spacing play a crit-
ical role in determining crop performance, as they directly influence plant population 
and resource utilization. Achieving an optimal plant density is essential for maximizing 
growth and yield. However, limited research has been conducted on fenugreek crop 
spacing and seed rate. Therefore, by implementing better management techniques 
coupled with the ideal seed rate and spacing, there is a significant chance of raising 
this commercial crop's output. Optimal seed rate and row spacing combinations vary 
by site and lack a universal standard. Reported recommendations range from wide 
(40 cm), intermediate (30 cm), and narrow (20 cm) spacings, often combined with 
varying seed rates, depending on local agroecological conditions [8–11].

The novelty of this study lies in evaluating the interactive effects of different inter-
row spacing and seed rates under the specific agroecological conditions of Tehuledere 
District, where such evidence is currently lacking. By addressing this gap, the study 
provides evidence-based guidance to optimize fenugreek productivity and strengthen 
decision-making for farmers and extension services in northeastern Ethiopia.

Fenugreek is the sixth most- produced highland pulse and spice crop in Ethiopia, 
with around 50,742.23 tons of fenugreek seed produced annually on approximately 
42,344.28 hectares of agricultural land [12]. The nation's fenugreek production was 
1.198 tons ha-1, which is far less than its potential yield of 2.3 tons ha-1. Fenugreek 
productivity was 1.34 tons ha-1 in the Amhara region and 0.749 tons ha-1 in the South 
Wollo zone [12,13]. Enhancing fenugreek yield has received little attention, despite 
the crop's significance and potential. The effects of plant spacing and seed rate on 
fenugreek yield and yield components in Ethiopia and the study area are poorly 
understood. Therefore, this study was conducted to test the following hypothesis: 
Inter-row spacing and seed rate significantly affect growth, yield components, and 
yield of fenugreek. There exists an optimal combination of seed rate and row spacing 
that maximizes fenugreek productivity under local conditions. For fenugreek produc-
tion under particular local conditions, it is crucial to determine the proper seed rate 
and row spacing. The present study was undertaken to evaluate the effects of differ-
ent inter-row spacing and seed rates on the growth, yield components, and overall 
yield of fenugreek in the Tehuledere District.

2.  Materials and methods

2.1.  Description of the study area

The field experiment was conducted during the 2022/2023 main cropping season 
(July 2022 to January 2023) at two representative fenugreek-growing locations, Kete 
and Korke, in the Tehuledere District, South Wollo Zone, Amhara National Regional 
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State, northeastern Ethiopia. The Kete experimental site is located at 11°14′N and 39°40′E at an altitude of approximately 
1900 m above sea level (m.a.s.l.). The site receives a mean annual rainfall of 1204.6 mm, with average daily maximum 
and minimum temperatures of 28.2°C and 6.6°C, respectively [14]. The Korke site is situated at an altitude of approxi-
mately 2200 m.a.s.l., with average daily maximum and minimum temperatures of 24°C and 5°C, respectively [14]. The 
experimental site's soil has a sandy loam texture. The region is well-known for its fenugreek production.

2.2.  Experimental design and treatments

The experiment was carried out under rain-fed conditions at farmer training centers in Kete and Korke with permission 
from local agricultural authorities and landholders during the main cropping season. The fenugreek variety used in this 
study was ‘Woreilu’, which is widely grown in the area due to its high yield potential and desirable oleoresin content. The 
seeds are small, hard, and yellowish-brown.

The treatments consisted of a factorial combination of three inter-row spacing (20 cm, 30 cm, and 40 cm) and five seed 
rates (15, 20, 25, 30, and 35 kg ha ⁻ ¹). The treatment combination representing the locally recommended practice was 
used as a reference point for comparison. The experiment was arranged in a randomized complete block design (RCBD) 
with three replications. A uniform application of 100 kg ha ⁻ ¹ of NPS fertilizer was applied to all plots at sowing [15].

2.3.  Plot layout and experimental units

Each experimental plot had a gross size of 3.6 m × 1.5 m (5.4 m2). Depending on the row spacing treatments, plots con-
tained 18, 12, or 9 rows for 20 cm, 30 cm, and 40 cm spacing, respectively. Seeds were sown by drilling along the rows.

To minimize border effects, one row on each side of the plot was excluded, and an additional row was designated for 
destructive sampling. The remaining central rows were used for data collection. A spacing of 0.5 m between plots and 1 m 
between blocks was maintained throughout the experiment.

2.4.  Cultural practices

Before sowing, the soil was prepared using an oxen-driven local plow (Maresha) in accordance with traditional plowing 
methods. A field pattern was created, the area was plowed three times, and the final plowing was used for sowing in 
compliance with the design parameters. Each treatment was then randomly assigned to experimental plots. Every crucial 
agronomic technique, including cultivation, harvesting, and weeding, was used in accordance with the advice.

2.5.  Data collection

Data were collected on various growth, yield components, and yield parameters as described below:
Days to 50% flowering: Number of days from emergence until 50% of plants in a plot had open flowers, determined by 

visual observation.
Days to 90% maturity: Number of days from emergence until approximately 90% of plants reached physiological matu-

rity, indicated by yellowing of leaves and pods.
Plant height (cm): Measured at physiological maturity from the base to the tip of ten randomly selected plants per plot, 

and the average value was recorded.
Number of primary branches per plant: Counted from ten randomly selected plants at maturity and averaged.
Total number of nodules: Five representative plants were randomly sampled from the destructive sampling row at 

mid-flowering (50% flowering stage). Plants were carefully excavated to recover the entire root system, which was gently 
washed to remove adhering soil. The total number of nodules per plant was counted manually to quantify nodulation. The 
functional activity of nodules was assessed visually by examining internal nodule pigmentation; nodules exhibiting pink to 
reddish coloration due to leghemoglobin were considered active and indicative of effective nitrogen fixation.
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Number of pods per plant: Determined by counting pods from ten randomly selected plants at harvest and calculating 
the mean.

Number of seeds per pod: Seeds obtained from pods of sampled plants were counted and divided by the number of 
pods to obtain an average.

Thousand seed weight (g): Thousand-seed weight was determined by counting and weighing 1000 seeds from each 
plot using an electronic balance. Prior to weighing, seed samples were air-dried to a uniform moisture content (approxi-
mately 10–12%) to minimize the effect of seed moisture on weight measurements.

Biomass yield (kg ha ⁻ ¹): Total above-ground biomass (including leaves, stems, and seeds) was harvested from the net 
plot area, air-dried to constant weight, and converted to kilograms per hectare.

Seed yield (kg ha ⁻ ¹): Seeds harvested from the net plot area were cleaned, air-dried to approximately 10–12% moisture 
content before weighing, and the yield was converted to kilograms per hectare.

Harvest index: Calculated as the ratio of seed yield to total above-ground biomass yield.

2.6.  Statistical data analysis

Data were subjected to analysis of variance (ANOVA) using Statistix 10.0 software. The experiment followed a facto-
rial arrangement in a randomized complete block design (RCBD) with three replications. For combined analysis across 
locations, location was considered as a random effect, while seed rate and row spacing were treated as fixed effects. The 
interaction effects among factors were also tested. Mean separation was performed using the Least Significant Difference 
(LSD) test at the 5% probability level. Prior to analysis, assumptions of ANOVA were checked. Normality of residuals 
was tested using the Shapiro–Wilk test, while homogeneity of variance was assessed using Hartley’s F-max test. Where 
assumptions were met, a combined analysis was conducted.

3.  Results

3.1.  Growth and phenological parameters as influenced by seed rate and inter-row Spacing

Effect on plant height.  The combined analysis across locations showed that the interaction between seed rate and 
inter-row spacing did not significantly affect plant height. However, the main effects of inter-row spacing and seed rate were 
significant (P ≤ 0.05). For inter-row spacing, plant height varied from 46.96 to 49.70 cm. The tallest plants (49.70 cm) were 
observed at 40 cm inter-row spacing, while the shortest plants (46.96 cm) were recorded at 30 cm inter-row spacing. Seed 
rate also significantly influenced plant height. Plant height ranged from 45.07 cm to 49.80 cm, with the tallest plants (49.80 
cm) occurring at the highest seed rate of 35 kg ha ⁻ ¹ and the shortest (45.07 cm) at the lowest seed rate of 15 kg ha ⁻ ¹.

Effect on number of branches per plant.  The number of branches per plant was significantly affected by the 
interaction between seed rate and row spacing (P ≤ 0.001) (Table 1). The highest number of branches per plant (14.0) 
was recorded at 40 cm inter-row spacing combined with 20 kg ha ⁻ ¹ seed rate, whereas the lowest value (8.9) occurred 
at 30 cm inter-row spacing with 15 kg ha ⁻ ¹ seed rate. Location also significantly affected the number of branches, with 
Kete producing more (12.16) than Korke (11.50). Wider inter-row spacing (40 cm) significantly increased branch number 
compared with narrower spacing, while the lowest seed rate (15 kg ha ⁻ ¹) produced fewer branches than the higher seed 
rates.

Effect on days to 50% flowering.  The interaction between seed rate and row spacing across locations did not 
significantly affect days to 50% flowering. However, the main effect of seed rate was significant for days to 50% flowering. 
The longest duration to reach 50% flowering (59 days) occurred at the highest seed rate of 35 kg ha ⁻ ¹, whereas the 
shortest duration (55 days) was recorded at the lowest seed rate of 15 kg ha ⁻ ¹.

Effect on 90% physiological maturity.  The main effects of location, inter-row spacing, and seed rate significantly 
(P ≤ 0.001) influenced the days to 90% physiological maturity. The longest maturity duration (132.56 days) was observed 
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at Kete Kebele, while the shortest period (127.2 days) occurred at Korke Kebele. Inter-row spacing also had a significant 
effect on maturity. The longest maturity duration (134.4 days) was recorded at 40 cm inter-row spacing, whereas the 
shortest duration (124.6 days) occurred at 20 cm inter-row spacing. Seed rate similarly influenced maturity, with the 
highest value (133.3 days) at 35 kg ha ⁻ ¹ and the lowest (126.6 days) at 15 kg ha ⁻ ¹.

3.2.  Nodulation, yield components and yield parameters as affected by seed rate and inter-row spacing of 
fenugreek

Effect on the number of nodules per plant.  The interaction between seed rate and inter-row spacing significantly 
affected nodulation (P ≤ 0.001). The highest number of nodules (16.3) was obtained from 20 cm row spacing with 30 kg 
ha ⁻ ¹ seed rate, whereas the lowest (9.3) occurred at 20 cm spacing with 15 kg ha ⁻ ¹. Location, inter-row spacing, and 
seed rate also had significant independent effects, with Kete, 20 cm spacing and 30 kg ha ⁻ ¹ producing the highest mean 
number of nodules per plant (Table 2).

Effect on number of pods per plant and number of seeds per pod.  The interaction between inter-row spacing 
and seed rate significantly affected both the number of pods per plant and the number of seeds per pod (P ≤ 0.001). The 
highest pod number (39.6) and seed number per pod (20.4) were obtained from 20 cm inter-row spacing combined with 
30 kg ha ⁻ ¹ seed rate, whereas the lowest values were recorded at 20 cm inter-row spacing with 15 kg ha ⁻ ¹ seed rate and 
40 cm inter-row spacing with 20 kg ha ⁻ ¹ seed rate, respectively (Table 3). In addition to the significant interaction effects, 
location, inter-row spacing, and seed rate independently influenced the number of pods per plant (P ≤ 0.001). The highest 
mean number of pods per plant was recorded at 40 cm inter-row spacing, whereas the lowest occurred at 30 cm inter-row 

Table 1.  Interaction effects of seed rate and inter-row spacing on growth and phenological parameters of fenugreek.

Treatments Plant height (cm) No. of branches / plant Days to 50% flowering Days to 90% maturity

Inter-Row Spacing (cm) Seed rate (Kg ha-1)

20 15 47.4abcd 10.9f 55.3cde 118.6f

20 48.1abcd 10.7f 55.6bcde 122.6ef

25 46.1 cd 12.1cde 58abcd 123.5e

30 48.1abcd 10.6f 58.6ab 128.5d

35 48.2abcd 11.1ef 60.6a 129.6 cd

30 15 43.9d 8.9g 54.5e 128.8 cd

20 45.9 cd 11.6def 56.6bcde 129.3 cd

25 48.3abcd 11.67cdef 57.1bcde 129.6 cd

30 47.3bcd 12.3 cd 58.5ab 131.8bcd

35 49.2abc 12.8abc 58.1abcd 133.3abc

40 15 43.9d 13.7ab 55.1de 132.3bcd

20 50.7abc 14a 57bcde 131.6bcd

25 52.3a 12.8ab 57.6abcd 135ab

30 49.8abc 12.7bcd 57.5bcde 136.1ab

35 52ab 11.7cdef 58.3abc 137a

Mean 48.1 11.85 57.26 129.8

Standard Error 2.45 0.57 1.53 2.3

CV (%) 8.85 8.43 4.64 3.08

LSD 4.9 1.15 3.07 4.62

Means followed by the same letter within a column are not significantly different at p ≤ 0.05 according to LSD test.

https://doi.org/10.1371/journal.pone.0355598.t001
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spacing. Seed rates of 20–35 kg ha ⁻ ¹ produced statistically similar number of pod per plant, while 15 kg ha ⁻ ¹ resulted in 
the lowest value.

Effect on thousand-seed weight and grain yield.  Thousand-seed weight was significantly (P ≤ 0.05) affected by the 
interaction effect of seed rate and inter-row spacing across locations. The combination of 20 cm inter-row spacing and a 
seed rate of 30 kg ha ⁻ ¹ in Korke Kebele produced the highest thousand-seed weight of (22.1 g), which was on par with 
that obtained in Kete Kebele. Conversely, the combination of a 40 cm row spacing and a seed rate of 15 kg ha −1 in Kete 
Kebele yielded the lowest thousand-seed weight (14.8 g).

Table 2.  Interaction effects of inter-row spacing, seed rate and location on nodulation and yield components of fenugreek.

Parameter Number of nodule per plant Number of pods per plant Number of seeds per pod

Location 0.01 0.000 0.002

Spacing 0.003 0.000 0.000

Seed rate 0.0000 0.000 0.000

Location* Spacing 0.013 0.378 0.235

Location* seed rate 0.145 0.11 0.169

Spacing*seed rate 0.000 0.000 0.000

Location*spacing*seed rate 0.0002 0.02 0.01

Error MS 0.96 0.125 0.164

Mean 12.65 37.68 16.75

CV 7.76 0.94 2.42

https://doi.org/10.1371/journal.pone.0355598.t002

Table 3.  Interaction effects of seed rate and inter-row spacing on nodulation and yield components.

Treatments Number of nodules per plant Number of pods per plant Number of seeds per pod

Inter-Row Spacing (cm) Seed rate (Kg ha-1)

20 15 9.3g 35.5j 16fg

20 10.83f 36.7h 16.7e

25 13.9bcd 38.9b 18.6b

30 16.3a 39.6a 20.4a

35 14.5bc 39.3ab 18.8b

30 15 11.2f 36.3i 15.6g

20 12.86de 38.2c 16.8de

25 12.9de 38.2c 17.3 cd

30 10.8f 38.1 cd 17.1cde

35 12.8de 38.4c 17.4c

40 15 10.9f 36i 16.2f

20 12.4e 37.1gh 14.1i

25 13.4cde 37.2fg 14.5i

30 15b 37.5ef 15h

35 12.43e 37.7de 16.2f

Mean 12.65 37.68 16.75

Standard Error 0.56 0.2 0.23

CV (%) 7.76 0.94 2.42

LSD 1.13 0.4 0.46

Means followed by the same letter within a column are not significantly different at p ≤ 0.05 according to LSD test.

https://doi.org/10.1371/journal.pone.0355598.t003
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The interaction between seed rate and inter-row spacing had a significant effect on thousand- seed weight, which 
ranged from 15.14 g to 21.19 g. Plants seeded at 20 cm inter-row spacing with a seed rate of 30 kg ha ⁻ ¹ had the highest 
thousand-seed weight (21.19 g), while plants sown at wider inter-row spacing of 30 cm and 40 cm combined with a seed 
rate of 15 kg ha ⁻ ¹ had the lowest thousand-seed weight (15.14 g) (Table 4).

Thousand-seed weight had a significant (P ≤ 0.001) effect on location. Korke kebele had the highest thousand-seed 
weight (18.2g), whereas Kete kebele had the lowest thousand-seed weight (17g). Thousand-seed weight was not greatly 
affected by inter- row spacing. Thousand- seed weight was significantly (P ≤ 0.001) influenced by seed rate. The seed rate 
of 30 kg ha ⁻ ¹ produced the highest thousand- seed weight (18.9g), whereas seed rate of 15 kg ha ⁻ ¹ produced the lowest 
thousand seed weight (15.4g).

The combination of seed rate, inter-row spacing, and location also had a significant effect on grainyield, which ranged 
from 0.34 t ha ⁻ ¹ to 0.99 t ha ⁻ ¹. At Kete Kebele, the highest grain output (0.99 t ha ⁻ ¹) was recorded at 20 cm inter-row 
spacing with a seed rate of 30 kg ha ⁻ ¹; at Korke Kebele, the lowest grain yield (0.34 t ha ⁻ ¹) was noted at 40 cm inter-row 
spacing with a seed rate of 15 kg ha ⁻ ¹.

The interaction between seed rate and inter- row spacing had a significant (P ≤ 0.001) effect on grainyield. Inter-row 
spacing of 20 cm and a seed rate of 30 kg ha ⁻ ¹ produced the highest grain yield (0.98t ha-1), while inter-row spacing of 40 
cm and a seed rate of 15 kg ha ⁻ ¹ produced the lowest grain yield (0.36t ha-1) (Table 4).

Grain yield was significantly (P ≤ 0.001) affected by location. Kete kebele had the highest grain yield (0.68 t ha-1), while 
Korke kebele had the lowest (0.66 t ha-1). Grain yield had a significant (P ≤ 0.001) effect on inter- row spacing. Inter-row 
spacing of 20 cm produced the highest grain yield (0.74 t ha-1), whereas inter-row spacing of 40 cm produced the lowest 
grain yield (0.61 t ha-1).

Table 4.  Interaction effects of seed rate and inter-row spacing on yield components and yield of fenugreek.

Treatments Thousand- seed weight (g) Grain yield (t ha-1) Biological yield(t ha-1) Harvest index(%)

Spacing (cm) Seed rate (kg ha-1)

20 15 15.9 cd 0.51h 4.28i 11.93de

20 17.9b 0.59fg 4.61h 12.87 cd

25 17.1bc 0.81c 6.26c 12.98 cd

30 21.1a 0.98a 6.7a 14.75a

35 17.9b 0.83b 6.46b 12.96 cd

30 15 15.1d 0.47i 3.93j 12.18cde

20 18.3b 0.6f 4.5h 14.84a

25 18.4b 0.7e 4.98g 14.11ab

30 18.2b 0.76d 5.3ef 14.45a

35 17.57b 0.75d 5.18ef 14.45a

40 15 15.15d 0.36j 3.48k 10.41f

20 18.3b 0.58g 5.18f 11.18ef

25 18.1b 0.69e 5.36e 12.86 cd

30 17.5b 0.7e 5.63d 12.51 cd

35 17.6b 0.7e 5.43e 13bc

Mean 17.64 0.67 5.15 13.04

Standard Error 0.69 0.3 0.07 0.52

CV (%) 6.79 2.45 2.55 7.03

LSD (5%) 1.38 0.01 0.15 1.05

Means followed by the same letter within a column are not significantly different at p ≤ 0.05 according to LSD test.

https://doi.org/10.1371/journal.pone.0355598.t004
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Grain yield had a significant (P ≤ 0.001) effect on seed rate. A seed rate of 30 kg ha ⁻ ¹ produced the highest grain yield 
(0.82 t ha-1), whereas a seed rate of 15 kg ha ⁻ ¹ produced the lowest grain yield (0.45 t ha-1).

Effect on biological yield and harvest index.  Biological yield was not significantly affected by the interaction of seed 
rate, inter-row spacing, and location.

The combination of seed rate and inter-row spacing had a significant effect on biological yield. Plants sown at 20 cm 
inter-row spacing with a seed rate of 30 kg ha ⁻ ¹ produced the highest biological yield (6.7t ha-1), whereas plants sown at 
40 cm inter-row spacing with a seed rate of 15 kg ha ⁻ ¹ produced the lowest biological yield (3.4t ha-1) (Table 4).

Biological yield was significantly (P ≤ 0.001) affected by location. Korke kebele had the lowest biological yield weight (5 
t ha-1), but Kete kebele had the highest biological yield (5.2 t ha-1). Biological yield had a significant (P ≤ 0.001) effect on 
inter- row spacing. Inter-row spacing of 20 cm produced the highest biological yield (5.6 t ha-1), whereas inter-row spacing 
of 30 cm produced the lowest biological yield (4.7 t ha-1). Biological yield had a considerable (P ≤ 0.001) impact on seed 
rate. A seed rate of 30 kg ha ⁻ ¹ produced the largest biological yield (5.8 t ha-1), whereas a seed rate of 15 kg ha ⁻ ¹ pro-
duced the lowest biological yield (3.9 t ha-1).

4.  Discussions

4.1.  Growth and phenological parameters as affected by seed rate and inter-row spacing of fenugreek

Effect on plant height.  The combined analysis across locations indicated that the interaction between seed rate 
and inter-row spacing did not significantly affect plant height, suggesting that these factors influenced vertical growth 
independently. However, inter-row spacing and seed rate each showed significant main effects on plant height. Plants 
grown at inter-row spacing of 40 cm attained the maximum height (49.70 cm), whereas those grown at 30 cm were shorter 
(46.96 cm). The increased plant height observed could be attributed to reduced inter-plant competition, which enhances 
access to light, soil moisture, and nutrients, thereby promoting vegetative growth.

Seed rate also significantly influenced plant height, increasing from 45.07 cm at 15 kg ha ⁻ ¹ to 49.80 cm at 35 kg ha ⁻ ¹. 
This response is likely associated with competition-induced stem elongation under denser plant populations, where plants 
grow taller to maximize light interception. Similar findings have been reported by [16–18] who observed increased plant 
height at higher planting densities or seed rates in fenugreek and other legumes. Likewise, [19] reported taller faba bean 
plants under higher plant density, attributing the response to increased competition for light and other growth resources.

In contrast, [20] reported that planting density had no significant effect on plant height under certain growing conditions. 
Such inconsistencies among studies suggest that the influence of planting density on plant height is not universal but 
depends on species, genotype, environmental conditions, soil fertility, and crop management practices.

Effect on number of branches per plant.  The number of branches per plant was significantly affected by the 
interaction of spacing, seed rate, and location, indicating that the response of branching to planting geometry varied 
across environments. The higher number of branches observed under favorable combinations of inter-row spacing 
and seed rate could be associated with reduced inter-plant competition and improved availability of light, soil moisture, 
and nutrients. Wider row spacing also enhances canopy light penetration, which promotes vegetative growth and the 
development of lateral branches. Similar findings have been reported by [21–23] who observed that increasing row 
spacing significantly increased the number of branches per plant in mung bean, common bean, and cumin, respectively. 
These results suggest that the branching response to plant density is largely determined by the balance between resource 
availability and competition, with the magnitude of the response depending on both environmental conditions and crop 
management practices.

Effect on days to 50% flowering.  The delayed flowering observed at higher seed rates could be attributed to 
increased competition among plants under dense populations, which reduces the availability of light, nutrients, and soil 
moisture to individual plants. Such competition can slow vegetative development and delay the transition from vegetative 
to reproductive growth, resulting in a longer time to reach 50% flowering. Differences in flowering time among locations 
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may also reflect variations in environmental conditions, particularly temperature and soil moisture, which influence 
crop phenology. These findings are consistent with those of [9], who likewise reported delayed flowering at higher plant 
densities. Overall, the results indicate that both plant population density and environmental conditions play important roles 
in regulating flowering time in fenugreek.

Effect on 90% physiological maturity.  Days to 90% physiological maturity were significantly affected by location, 
inter-row spacing, and seed rate independently. Favorable environments often prolong the grain filling period, resulting in 
delayed maturity. Wider spacing reduces competition among plants, allowing prolonged vegetative growth and extended 
grain filling duration by improving access to resources. In contrast, closer spacing intensifies competition, accelerating 
crop senescence and shortening the crop cycle. Higher plant density increases competition and canopy shading, which 
can slow down assimilate partitioning and extend the reproductive phase. Conversely, lower density enhances resource 
availability per plant, leading to faster development and earlier completion of the crop cycle. These results are consistent 
with the findings of [9,24], who noted that higher plant density caused delayed flowering and maturity. In fenugreek, the 
earliest blooming was observed at the lowest seed rate of 16 kg ha-1 and occurred 6.41 days earlier in 50% of plants 
[17]. The current results, however, are inconsistent to those of [25], who found that phenological development responded 
differently to diverse plant densities.

4.2.  Nodulation, Yield Components and Yield Parameters as Affected by Seed Rate and Inter-Row Spacing of 
Fenugreek

Effect on number of nodules per plant.  The significant interaction between seed rate and inter-row spacing indicates 
that nodulation in fenugreek depends on the combined influence of plant population and spatial arrangement. The highest 
number of nodules was obtained at a 30 kg ha ⁻ ¹ seed rate with 20 cm inter-row spacing, suggesting that this combination 
provided favorable conditions for root development and root–rhizobia interactions, thereby enhancing nodule formation. In 
contrast, the lowest nodulation at 15 kg ha ⁻ ¹ with the same inter-row spacing may reflect reduced root density and fewer 
opportunities for effective rhizobial infection. Similar responses have been reported in legumes, where plant population 
and crop establishment practices influence nodulation and biological nitrogen fixation [26,27].

The significant main effects of location, inter-row spacing, and seed rate further indicate that environmental conditions 
and crop management collectively regulate nodulation. The higher number of nodules recorded at Kete compared with 
Korke is likely associated with differences in soil properties and native rhizobial populations, which influence rhizobial 
survival, root infection, and nodule development [6,27,28]. Overall, these findings suggest that adopting an appropriate 
combination of seed rate and row spacing under favorable site conditions can enhance nodulation and potentially improve 
biological nitrogen fixation in fenugreek.

Effect on number of pods per plant and number of seeds per pod.  The significant interaction between seed 
rate and inter-row spacing indicates that the combined effects of planting density and crop geometry influenced 
reproductive development in fenugreek. In the present study, the greatest number of pods per plant and seeds per pod 
was obtained at a inter-row spacing of 20 cm combined with a seed rate of 30 kg ha ⁻ ¹, suggesting that this treatment 
provided a favorable balance between plant population and resource availability. This combination may have promoted 
efficient canopy development and assimilate production while minimizing excessive competition among plants, thereby 
enhancing reproductive growth. These findings are generally consistent with those of [17,29,30] who reported that 
appropriate combinations of row spacing and seed rate increased the number of pods per plant in fenugreek. However, 
[16] observed a decline in yield-related traits with increasing row spacing, supporting the present results that excessively 
wide spacing may reduce reproductive performance. In contrast, [11] reported a negative relationship between seed rate 
and the number of pods per plant. Such discrepancies among studies may be attributed to differences in environmental 
conditions, soil fertility, cultivar characteristics, and crop management practices, all of which influence how reproductive 
traits respond to planting density.
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Effect on thousand-seed weight and grain yield.  The interaction between seed rate and inter-row spacing 
significantly influenced thousand-seed weight and grain yield of fenugreek, indicating that an appropriate balance 
between plant population and spatial arrangement is important for optimizing reproductive performance. The increase in 
thousand-seed weight under the optimum treatment combination may be associated with improved assimilate availability 
during seed development and more efficient partitioning of photosynthates toward developing seeds. However, excessive 
competition under very high plant density may reduce seed filling by limiting the availability of growth resources.

The highest grain yield (0.99 t ha ⁻ ¹) was recorded at a inter-row spacing of 20 cm combined with a seed rate of 30 kg 
ha ⁻ ¹. This result suggests that the optimum plant density achieved under this treatment enhanced yield formation through 
increased plant population per unit area while maintaining adequate access to essential resources. Narrower row spacing 
promotes faster canopy development, improved light interception, and greater biomass accumulation, which ultimately 
contributes to higher seed yield. Conversely, the lowest grain yield observed under the wider inter-row spacing (40 cm) 
and lower seed rate (15 kg ha ⁻ ¹) could be attributed to insufficient plant population and reduced utilization of available 
growing resources, resulting in fewer reproductive units per unit area.

Similar results have been reported by [21,31], who observed increased seed yield with increasing plant population, 
while [24] indicated that sparse plant populations reduce resource capture and limit yield potential. The slightly higher 
yield observed at Kete compared with Korke may be related to differences in environmental conditions, including rainfall 
distribution, soil fertility, and other site-specific factors that influence crop growth and yield formation.

The results demonstrate that optimizing seed rate and row spacing is essential for maximizing fenugreek productivity, 
as inappropriate planting density can either increase competition among plants or reduce the efficient utilization of avail-
able resources.

Effect on biological yield and harvest index.  The interaction between seed rate and inter-row spacing significantly 
influenced biological yield, with the highest biomass yield recorded at inter-row spacing of 20 cm combined with a seed 
rate of 30 kg ha ⁻ ¹. The greater biological yield under this treatment could be attributed to increased plant population per 
unit area and improved canopy development, resulting in enhanced light interception and greater dry matter accumulation. 
At the optimum plant density, narrow row spacing facilitates more effective capture of available growth resources, 
including light, water, and nutrients, thereby promoting biomass production.

In contrast, the lowest biological yield observed under wider inter-row spacing and lower seed rate was likely asso-
ciated with reduced plant population and incomplete canopy development, which limited resource capture and biomass 
accumulation. Although increased plant density may reduce the growth of individual plants due to competition, the greater 
number of plants per unit area generally results in higher total biomass production. Similar findings were reported by 
[17,32,33], who observed increased dry matter yield with increasing planting density.

The higher biological yield recorded at Kete compared with Korke could be related to differences in environmental condi-
tions, including rainfall distribution, soil properties, and other site-specific factors that influence vegetative growth. Regarding 
harvest index, the variation among treatments reflects differences in the efficiency of assimilate partitioning from vegetative 
biomass to grain production. The higher harvest index observed under the optimum seed rate and inter-row spacing combi-
nation indicates improved reproductive efficiency and better allocation of photosynthates toward seed formation.

These findings highlight the importance of optimizing seed rate and row spacing to balance biomass production and 
assimilate partitioning, thereby maximizing overall fenugreek productivity.

5.  Conclusion

This study demonstrated that inter-row spacing and seed rate significantly influenced the growth, nodulation, dry matter 
accumulation, yield components, and grain yield of fenugreek under the agroecological conditions of the Tehuledere Dis-
trict, northeastern Ethiopia. The significant interaction between these two agronomic factors highlights the importance of 
optimizing planting geometry and plant population density to improve fenugreek productivity.
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Among the evaluated treatments, the combination of 20 cm inter-row spacing and 30 kg ha ⁻ ¹ seed rate consistently 
resulted in superior crop performance, producing the highest grain yield (0.98 t ha ⁻ ¹) through improved yield components, 
effective biomass production, and better utilization of available growth resources. Therefore, 20 cm inter-row spacing com-
bined with a seed rate of 30 kg ha ⁻ ¹ can be recommended as an appropriate agronomic practice for fenugreek production 
in Tehuledere District and similar agroecological environments.

However, considering that the study was conducted at two locations during a single growing season, further multi- 
season and multi-location studies are suggested to validate the stability, wider applicability, and long-term economic per-
formance of this recommendation under diverse environmental conditions.
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