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Abstract

Efficient use of applied nutrients is essential for improving crop yield, partic-
ularly in low-fertility, moisture-limited environments. Fertilizer use efficiency
metrics such as Agronomic Use Efficiency (AUE), Partial Factor Productivity
(PEP), Yield Response (YR), and Relative Yield (RY) provide important in-
sights into how effectively nutrients are converted into economic yield. These
indices help to quantify the contribution of fertilizer inputs to yield improve-
ment and assess the performance of different nutrient management strategies.
Evaluating the metrics is critical for identifying practices that enhance produc-
tivity while optimizing input use in Dolichos bean production systems. Field
experiments were conducted in Maai Mahiu (1°1'17.2" S, 36°35'11.5" E) and
Lare (0°25'45.2" S, 36°03'06.0" E) Nakuru county, over two seasons (Septem-
ber 2024-January 2025) and (April 2025-August 2025) to evaluated the effect
of integrated nutrient management and mulching on Dolichos bean yield and
fertilizer use efficiency. Treatments included three rates of NPK 17:17:17 (0,
75, 150 kg ha™!), four rates of organic fertilizer (Griincom 2% N:4% P:5% K),
0, 200, 400, 600 kg ha™' applied as dry matter, and two mulch levels of dry
wheat straw (with mulch, without mulch). The highest AUE in Lare was ob-
served in season 2 (382.93 kg kg™' N) was recorded under 75 kg ha™* NPK +
600 kg ha™' organic fertilizer with mulch, while in Maai Mahiu the highest
value (340.04 kg kg™ N) was recorded under 0 kg ha™! NPK + 200 kg ha™
organic fertilizer with mulch in season 1. The highest PFP (468.24 kg kg™' N
ha™") was observed at Lare season 2 under 200 kg organic fertilizer with mulch
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and no NPK, while the maximum RY (2495.13 kg ha™) occurred under 150 kg
ha™ NPK + 600 kg ha™ organic fertilizer with mulch at Lare season 1. The
greatest YR (738.97%) was recorded at Maai Mahiu season 1 under the same
treatment (150 kg ha™ NPK + 600 kg ha™' organic fertilizer with mulch).
Mulching enhanced soil moisture retention and nutrient uptake, improving
efficiency across sites. Economically, moderate N combined with organic fer-
tilizer and mulch provided high yield per unit of nutrient applied, highlighting
INM as a sustainable and cost-effective strategy for Dolichos bean production
in semi-arid environments.
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1. Introduction

Efficient use of fertilizers is a cornerstone of sustainable crop production, partic-
ularly for smallholder farmers where input costs are high and soils are often nu-
trient-poor [1]. Fertilizer use efficiency (FUE) metrics. Agronomic Use Efficiency
(AUE), Partial Factor Productivity (PFP), Relative Yield (RY) and Yield Response
(YR); provide quantitative measures of how effectively crops convert applied nu-
trients into economic yield [2]. These metrics are essential for identifying man-
agement strategies that maximize yield per unit of fertilizer, inform nutrient rec-
ommendations, and reduce nutrient losses to the environment [2]. In sub-Saharan
Africa, fertilizer use remains well below global averages, yet even modest increases,
when managed appropriately, can substantially improve productivity and efficiency.

Dolichos lablab (Lablab purpureus L.) is a drought-tolerant legume that con-
tributes both to food security and soil fertility improvement through biological
nitrogen fixation [3]. Like other legumes, lablab exhibits unique nutrient acquisi-
tion strategies that influence its response to fertilizer inputs, making fertilizer use
efficiency assessment particularly important. Studies on other grain legumes have
demonstrated that integrated application of organic amendments and mineral fer-
tilizers improves nutrient availability, biological nitrogen fixation, grain yield, and
soil fertility compared with sole nutrient sources [4]. Similar benefits have been
reported in soybean, where integrated nutrient management improved produc-
tivity and nutrient-use efficiency under smallholder farming [5].

Integrated Soil Fertility Management (ISFM), which combines inorganic ferti-
lizers with organic inputs and improved soil management practices, has been widely
recommended for East African smallholder farmers due to its ability to enhance
nutrient cycling and crop response [6]. Studies in Kenya’s central highlands show
high adoption of organic amendments alongside inorganic fertilizers, reflecting
farmer recognition of their complementary roles in improving soil fertility [7]. Fer-

tilizer use efficiency metrics derived from such integrated practices provide in-
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sights into how effectively lablab converts added nutrients into biomass and grain
yield under the moisture- and nutrient-limited conditions typical of smallholder
farms. AUE measures the additional yield gained per unit of nutrient applied, PFP
reflects yield per unit of fertilizer input, and RY indicates the proportion of max-
imum potential yield achieved, metrics critical for evaluating the cost-effective-
ness and sustainability of nutrient management strategies [8].

Despite growing evidence that integrated nutrient management can improve crop
productivity and soil fertility [6]. Most previous studies have focused primarily on
yield responses and soil fertility outcomes, with little attention given to quantifying
efficiency indices [5] [9]. Consequently, there is insufficient understanding of how
integrated organic and inorganic fertilizer strategies influence nutrient-use effi-
ciency and yield performance in Dolichos bean under varying environmental con-
ditions. This knowledge gap limits the development of site-specific nutrient man-
agement recommendations that can maximize productivity while enhancing re-
source-use efficiency and environmental sustainability. Therefore, this study evalu-
ated the effects of integrated organic and inorganic fertilizer management on grain
yield and fertilizer use efficiency indices (AUE, PFP, RY, and YR) of Dolichos bean
under contrasting site and seasonal conditions. It was hypothesized that combined
application of organic and inorganic fertilizers would result in higher grain yield
and fertilizer use efficiency than sole fertilizer applications or unfertilized controls

due to improved nutrient availability and enhanced soil fertility.

2. Materials and Methods

2.1. Experimental Sites

The experiment was conducted on farm at two sites in Nakuru County represent-
ing distinct agro-ecological conditions typical of smallholder farming systems in
Kenya: Maai Mahiu ward (1°01'17.2" §, 36°35'11.5" E) in Naivasha Sub-County
and Lare ward (0°25'45.2" S, 36°03'06.0" E) in Njoro Sub-County. Both sites expe-
rience bimodal rainfall, with long rains occurring between March and May and
short rains between October and December. Maai Mahiu receives annual rainfall
ranging from 443 - 939 mm, with mean temperatures of 25.9°C - 29.3°C. Lare
receives 600 - 1000 mm of rainfall annually and has temperatures ranging from
24°C-30°C [10] (Figure 1).

2.2. Experimental Design and Treatments

The experiment was laid out in a 4 x 3 x 2 factorial arrangement using a Random-
ized Complete Block Design (RCBD) with three replications. The study evaluated
the integrated effects of organic fertilizer, inorganic NPK fertilizer (17:17:17), and
wheat straw mulch on Dolichos bean (DL 1002). Organic fertilizer (Griincom,
N—2%, K—4%, K—5%) was applied on a dry matter basis at four rates (0, 200,
400, and 600 kg ha™'), NPK fertilizer at three rates (0, 75, and 150 kg ha™), and
dry wheat straw mulch at two levels (mulched and non-mulched). All treatment

combinations were randomized within each block. A determinate variety of Dol-
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ichos bean, characterized by early maturity, was used. Certified seeds were sourced
from Kenya Agricultural and Livestock Research Organization (KALRO) Katu-
mani. Organic mulch of wheat straw was applied uniformly at 5 kg per plot, trans-
lating to 11.6 t ha™". Both the organic and inorganic fertilizers were obtained from
accredited stockiest in Nakuru City and were denoted as “G” (Griincom organic)

and “N” (inorganic NPK) for treatment identification.
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Figure 1. Experimental sites. (Source self).

2.3. Crop Management and Plot Establishment

Dolichos lablab was established in plots measuring 1.8 m x 2.4 m, with an inter-
row spacing of 60 cm and inter-plant spacing of 30 cm, resulting in 32 plants per
plot. Two seeds were sown per hole at a seed rate of 25 kg ha™! at the onset of the
rainy season and thinned to one seedling per hole one week after emergence. Each
plot was bordered by two guard rows on either side, with 0.5 m paths between
plots, 1 m between replicates, and a 2 m buffer from the farm edges. Organic ma-
nure was applied and incorporated into the soil two weeks before sowing, while
NPK 17:17:17 fertilizer was incorporated during sowing. Wheat straw mulch was
applied to mulched treatments after emergence to ensure uniform soil surface
coverage. Weed control for mulched treatments was carried out manually by
hand-uprooting, while non-mulched treatments were hand-weeded two weeks af-
ter emergence, and plots were maintained weed-free throughout the growing sea-

sons. Pests were managed using recommended bio-pesticides.

2.4. Data Collection

Fertilizer use efficiency of Dolichos lablab was evaluated using Agronomic Use
Efficiency (AUE), Partial Factor Productivity (PFP), and Relative Yield (RY).

Grain yield per plot was measured at harvest and converted to kg ha™. The amounts
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of nutrients applied through organic and inorganic fertilizers were recorded. FUE
metrics were calculated using standard formulas independently for mulched and
non-mulched treatments.

Agronomic Use Efficiency (AUE)

AUE measures the additional crop yield obtained per unit of nutrient applied.
It reflects how a crop converts applied fertilizer into economic yield. AUE was

calculated as
AUE = ﬂ,
F

(Y» = grain yield (kg ha™') of the fertilized treatment.

(Yo) = grain yield (kg ha™') of the unfertilized control treatment (0 NPK + 0
organic fertilizer) within the same site, season, and mulch level.

(F) = amount of nitrogen applied (kg ha™).

Partial Factor Productivity (PFP)

Partial Factor Productivity (PFP) measures the total grain yield produced per
unit of nutrient applied and provides an overall indicator of nutrient productivity.

PFP was calculated as:
Y
PFP = —,
F

(Y) = grain yield (kg ha™') of the fertilized treatment.

(F) = amount of nutrient applied (kg ha™).

Relative Yield (RY)

Relative Yield (RY) expresses the yield achieved by a treatment as a percentage
of the maximum yield attained within the same experimental environment. It was

calculated as

RY = Y—‘><100
Ym

(Y?) = grain yield (kg ha™') of the treatment.

(Y) = maximum grain yield (kg ha™) recorded among all treatments within
the same site, season, and mulch level.

Yield Response (YR)

Yield response refers to the increase in crop yield obtained due to application
of a treatment compared with the untreated control. It is used to quantify how
strongly a crop responds to an intervention and helps evaluate treatment effec-
tiveness in agronomic studies
where:

Yield Response(%) = Yt;—Y‘)xloo
0
where:
(Y) = grain yield (kg ha™') of the fertilized treatment; and
(Yo) = grain yield (kg ha™') of the unfertilized control treatment (0 NPK + 0

organic fertilizer) within the same site, season, and mulch level.
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Grain yield (kg ha™)

Grain yield (kg ha™') was estimated as the product of the number of plants per
plot, average number of pods per plant, average number of seeds per pod, and
individual seed weight (obtained from the 100-seed weight), divided by the net
harvested plot area and converted to a per-hectare basis.

N, x P, xS, xW,, x10000

Grain Yield(kg/ha) = 100x A x1000
p

N, =Number of plants per plot.

P, =Pods per plant.

S, = Seeds per pod.
W,oo = 100-seed weight (g).

A, =Plotarea (m?).

2.5. Calculation of Total Nitrogen (N kg ha-1)

Table 1. The total nitrogen applied (kg N ha™') calculated from both NPK (17:17:17)
fertilizer and Griincom organic fertilizer (2% N, 4% P, and 5% K).

Fertilizer Treatment Nitrogen Applied (Kg N ha™)
NO0,GO 0
N0, G200 4
N 0, G 400 8
N0, G 600 12
N75G0 12.75
N 75, G 200 16.75
N 75, G 400 20.75
N 75, G 600 24.75
N 150,G0 25.5
N 150, G 200 29.5
N 150, G 400 33.5
N 150, G 600 37.5

Fertilizer use efficiency indices were calculated using the total nitrogen supplied
from both NPK (17:17:17) and Griincom organic fertilizer (2% N, 4% P, and 5%
K). The nitrogen contribution from each fertilizer source was determined based
on its nitrogen concentration and application rate, and the values were summed
to obtain the total nitrogen input (kg N ha™') for each treatment. Agronomic Use
Efficiency (AUE) was calculated as the increase in grain yield above the unferti-
lized control per unit of nitrogen applied, while Partial Factor Productivity (PFP)
was computed as grain yield per unit of total nitrogen applied. Relative Yield (RY)

and Yield Response (YR) were calculated using the corresponding unfertilized
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control within the same mulch treatment, site, and season. Efficiency metrics were
expressed on a nitrogen basis because nitrogen is generally the primary yield-lim-
iting nutrient in the study environments and provides a common unit for com-
paring fertilizer treatments that combined both inorganic and organic nutrient
sources. Nitrogen was used as the reference; nutrient fertilizer efficiency indices
such as AUE and PFP are commonly expressed on an N basis in agronomic stud-
ies, allowing comparison with published literature and across nutrient manage-
ment strategies (Table 1).

0 %N 5, e
Total N (kg . hail) = [% X RateNPK ] + [%X RatEOrganiC]

where:
o %N =17%.
® %NOrganic =2%.

Rates are expressed in kg ha™'.

2.6. Data Analysis and Experimental Model

Data collected were checked for normality and homogeneity of variance using the
Shapiro-Wilk and Levene’s tests, respectively [11]. were first subjected to site- and
season-specific analysis of variance (ANOVA) to evaluate treatment effect within
each environment and season. Thereafter, a combined ANOVA across sites and
seasons was conducted to evaluate interaction effects and overall treatment per-
formance. Analysis was done using a three-factor factorial ANOVA in a Random-
ized Complete Block Design (RCBD) with three replications. Mean separation for
significantly different treatments was conducted using Tukey’s Honest Significant
Difference (HSD) test at a 5% probability level. Data were analysed entirely using
R software version 4.4. 3 [11]. Results were summarized in tables and bar charts
showing means, standard errors, and significance levels. The statistical model

used was. The statistical model used was
Vi =H+B+G;+ N + M, +(GxN), +(GxM)
+(N x M )kl +(G>< NxM )jkl + €

jl

where:

Y, = observed response of growth or yield parameter in the /-th plot of the 7-
th block with treatment combination of G, N, and M.

u = overall mean.
B, = effect of the /" block.

G, = effect of the /" level of organic fertilizer.
N, = effect of the " level of inorganic fertilizer.

M, = effect of the /" level of mulch.

Two-way interactions: (GxN )jk (GxM )jl (NxM )m )

Three-way interaction: (GxNxM )jkl .

€ = random error, assumed normally and independently distributed with

. 2
mean zero and constant variance (o).
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3. Results

Efficient nutrient management is essential for maximizing crop productivity while
minimizing input costs, particularly in smallholder farming systems. Dolichos re-
sponds to both organic and inorganic fertilizers, and soil management practices
such as mulching can enhance nutrient availability and uptake. This section eval-
uated the effects of NPK and organic fertilizer combinations with mulch on key
efficiency and yield metrics: Agronomic Use Efficiency (AUE), Partial Factor
Productivity (PFP), Relative Yield (RY), and Yield Response (YR) at two sites and
two seasons. These metrics directly address the study’s objective of evaluating how
different nutrient management strategies influence crop performance and eco-
nomic returns, providing actionable insights for sustainable crop productivity, in-

cluding Dolichos production.

3.1. Agronomic Use Efficiency (AUE) kg/N

Agronomic use efficiency was significantly affected by fertilizer treatment, mulch
application, site, and season. Significant treatment—site and treatment—mulch
interactions were also observed, indicating that the response of AUE to fertilizer
management varied across environments and mulch conditions as shown in Ta-
ble 2 below. At Lare in season 1, the highest AUE 178.78 kg grain kg™ N, was
recorded at 0 kg ha™ NPK + 400 kg ha™' organic fertilizer with mulch, followed by
147.73 kg kg™ N under 0 kg ha™! NPK + 600 kg ha™ organic fertilizer with mulch
and 142.58 kg kg™' N under 75 kg ha™' NPK without organic fertilizer but with
mulch. In contrast, the lowest AUE 36.55 kg kg™ N, occurred at 75 kg ha™* NPK
+ 600 kg ha™ organic fertilizer with mulch, indicating reduced efficiency at higher
nutrient inputs. At Maai Mahiu season 1, AUE values were generally higher than
at Lare. The highest value 340.04 kg kg™' N, was recorded at 0 kg ha™ NPK + 200
kg ha™! organic fertilizer with mulch, followed by 283.51 kg kg™ N under 0 kg ha™!
NPK + 200 kg ha™" organic fertilizer without mulch. Conversely, the lowest AUE
56.80 kg kg ! N, occurred under 75 kg ha™! NPK + 600 kg ha™' organic fertilizer
without mulch, suggesting that excessive nutrient application reduced nutrient
use efficiency. During season 2, AUE values showed a similar trend but with some
variation across treatments. At Lare season 2, the highest value 382.93 kg kg™' N,
was recorded at 75 kg ha™! NPK + 600 kg ha™! organic fertilizer with mulch, fol-
lowed by 204.06 kg kg™ N under 0 kg ha™' NPK + 400 kg ha™' organic fertilizer
with mulch. The lowest value 40.12 kg kg™ N, was observed at 150 kg ha™ NPK +
400 kg ha™ organic fertilizer with mulch. At Maai Mahiu season 2, the highest
AUE 107.91 kg kg™* N, was recorded under 75 kg ha™ NPK without organic ferti-
lizer but with mulch, followed by 99.68 kg kg™ N under 0 kg ha™' NPK + 200 kg
ha™! organic fertilizer without mulch. The lowest value 27.09 kg kg™ N, occurred
at 75 kg ha™ NPK + 600 kg ha™' organic fertilizer without mulch, indicating re-
duced efficiency under high fertilizer rates. Treatments integrating with <75 kg
ha™ NPK fertilizer inputs with organic fertilizer (200 - 400 kg ha™') and mulch

tended to produce higher AUE values, while excessive fertilizer rates often re-
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sulted in reduced nutrient use efficiency.

Table 2. Mean values for agronomic use efficiency for Dolichos crop as affected by integrated
nutrient management and mulching application at Lare and Maai Mahiu Nakuru County
Kenya during season 1 (September 2024-January 2025) and season 2 (April-August 2025).

Treatments
NPK Org.a.nic Organic Maa.i Maz%i
(Kg/Ha) Fertilizer Mulch Lare S1 Mabhiu Lare S2 Mabhiu
(Kg/Ha) S1 S2
0 200 Mo 74.36%4 283.51* 79.17¢ 99.68*
400 Mo 55.09%¢ 139.79b<d 60.84¢ 47.87bd
600 Mo 129.842b¢ 134.15bcde 129.25¢4 72 872bcd
200 M 71.91b<d 340.04* 63.26¢ 94.09%
400 M 178.78* 177.63° 204.06° 54.65%0<d
600 M, 147.73% 153.06% 150.23¢ 71.0720<d
75 0 Mo 78.63b<d 110.67b<dfs 81.18¢ 53.00%0<d
200 Mo 79.89b<d 86.42°4fe 83.85¢ 42,53
400 Mo 101.20b<d 91.52¢defg 100.30%4¢ 56,104
600 Mo 104.10b<d 56.808 106.53¢de 27.094
0 M 142.58% 185.1° 139.18< 107.91*
200 M, 122.87%¢ 130.09bedef 118.76°¢  71.36%d
400 M, 107.62%>¢  118.93bdefs  106.46%  71.5220<d
600 M, 36.55¢ 83.854¢f 382.93¢ 44,09«
150 0 Mo 63.89 69.11¢8 64.79¢ 40.284
200 Mo 106.96b<d 132.88bcde 106.03%d¢  81.83%¢
400 Mo 55.68 67.04°f8 58.40°f 45.08<
600 Mo 57.00%¢ 64.57% 59.81¢ 44,96
0 M, 85.02b<d 75.314¢f8 79.14¢ 36.734
200 M, 80.42b<d 91.36°d¢f8 79.72¢ 58.0220<d
400 M 39.374 78.304¢f 40.12¢f 48.92bcd
600 M 66.54b<d 79.174f8 65.09¢ 52.932bcd
HSD (0.05) 1.97 5.07 6.86 10.61

Means followed by the same letter within a column are not significantly different at P <
0.05 according to Tukey’s HSD test. (S1—season 1, S1—season 2, Mo—without mulch,
Mi—with mulch).

Mulching generally improved agronomic use efficiency across most fertilizer
treatments and sites. At Lare season 1, AUE increased from 55.09 kg kg™ N ha™
without mulch to 178.78 kg kg™ N ha™" with mulch under 0 kg ha™ NPK + 400 kg
ha™ organic fertilizer. Similarly, at Maai Mahiu season 1, AUE increased from
283.51 kg kg™ N ha™! without mulch to 340.04 kg kg™ N ha™! with mulch at 0 kg
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ha ' NPK + 200 kg ha™* organic fertilizer. A similar pattern was observed in season
2, where mulched treatments generally recorded higher AUE values. At Lare sea-
son 2, at 0 kg ha™ NPK + 400 kg ha™! organic fertilizer recorded 204.06 kg kg™ N
ha™" with mulch compared with 60.84 kg kg™' N ha™! without mulch. Likewise, at
Maai Mahiu season 2, 75 kg ha™* NPK without organic fertilizer recorded 107.91
kg kg™ N ha™* with mulch, compared with 53.00 kg kg™ N ha™! without mulch.
Mulching enhanced agronomic use efficiency by improving soil moisture reten-
tion and nutrient availability, thereby facilitating better nutrient uptake and utili-
zation by the crop.

Across the sites, Maai Mahiu season 1 generally recorded higher AUE values than
Lare season 1, with the highest value reaching 340.04 kg kg™ N ha™}, at (0 kg ha™
NPK + 200 kg ha™* organic fertilizer with mulch) compared with 178.78 kg kg™* N
ha™' at Lare season 1 under (0 kg ha™ NPK + 400 kg ha™ organic fertilizer with
mulch M,). However, during season 2, Lare recorded the highest overall AUE value
(382.93 kg kg™ N ha™!) under 75 kg ha™* NPK + 600 kg ha™* organic fertilizer with
mulch, indicating improved nutrient utilization during season 2. In contrast, Maai
Mahiu season 2 recorded relatively lower AUE values, with a maximum of 107.91
kgkg™ N ha™ (75 kg ha™ NPK without organic, with mulch). Both site and seasonal
conditions influenced agronomic nitrogen use efficiency, although the integration

of organic fertilizer and mulch consistently improved AUE across sites and seasons.

3.2. Partial Factor Productivity (PFP) Kg N-1

The results shown in Table 3 below, Partial Factor Productivity (PFP) was signif-
icantly influenced by fertilizer treatment, mulch application, site, and season. Sig-
nificant interaction effects were also observed, indicating that the response of PFP
to integrated nutrient management varied across locations and growing seasons.
These results demonstrate that nutrient productivity was strongly dependent on
both fertilizer combinations and environmental conditions. Across both Lare and
Maai Mahiu sites, the highest PFP values were generally recorded in treatments
that involved organic fertilizer combined with mulch but without mineral ferti-
lizer application. Under treatment with 0 kg ha™ N and 200 kg ha™ organic ferti-
lizer with mulch produced the highest PFP values at both sites and seasons, re-
cording 400.79 kg kg™ N ha™! at Lare season 1, 94.09 kg kg™' N ha™! at Maai Mahiu
season 1, 468.24 kg kg™ N ha! at Lare season 2, and 340.04 kg kg™ N ha™! at Maai
Mabhiu season 2. Similarly, the treatment with 0 kg ha™' NPK and 400 kg ha™' or-
ganic fertilizer with mulch also resulted in relatively high PFP values of 362.22 kg
kg™ N ha™' at Lare season 1, 54.65 kg kg™' N ha™' at Maai Mahiu season 1, 425.54
kg kg™ N ha™" at Lare season 2, and 177.63 kg kg™ N ha™' at Maai Mahiu season
2. In contrast, treatments involving higher mineral fertilizer rates (150 kg NPK
ha™) consistently produced lower PFP values across both sites and seasons. At the
treatment combining 150 kg ha™! NPK with 400 kg ha™' organic fertilizer without
mulch recorded very low PFP values of 87.15 kg kg™! N ha™! at Lare season 1, 45.08
kg kg N ha! at Maai Mahiu season 1, 92.08 kg kg™ N ha! at Lare season 2, and
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67.04 kg kg™' N ha™! at Maai Mahiu season 2. Similarly, the treatment with 150 kg
ha™' N and 600 kg ha™! organic fertilizer without mulch recorded 85.33 kg kg™* N
ha™" at Lare season 1, 44.96 kg kg™' N ha™' at Maai Mahiu season 1, 89.90 kg kg™
N ha™ at Lare season 2, and 64.57 kg kg™ N ha™! at Maai Mahiu season 2. Treat-
ments with 75 kg NPK ha™' produced intermediate PFP values. Under treatment
with 75 kg ha™ NPK and mulch without organic fertilizer recorded 257.87 kg kg™
N ha™ at Lare season 1, 107.86 kg kg™' N ha™! at Maai Mahiu season 1, 278.67 kg
kg™ N ha™! at Lare season 2, and 185.33 kg kg™ N ha™' at Maai Mahiu season 2.
However, when higher organic fertilizer levels were added to this nitrogen rate,
PFP values generally declined, particularly in the treatment with 75 kg ha™' NPK
and 600 kg ha™! organic fertilizer without mulch, which recorded 146.21 kg kg™
N ha™ at Lare season 1, 27.15 kg kg™' N ha™! at Maai Mahiu season 1, 152.11 kg
kg™ N ha™! at Lare season 2, and 56.81 kg kg™ N ha™! at Maai Mahiu season 2.
Increasing fertilizer input rates did not necessarily improve nutrient productivity,
and nutrient use efficiency tended to decline when high fertilizer rates were ap-
plied. Instead, moderate organic fertilizer inputs combined with mulch resulted
in higher nutrient productivity across both study sites.

Mulching generally improved Partial Factor Productivity across both sites and
seasons, although the magnitude of the effect varied depending on fertilizer com-
binations. Across the treatments without mineral fertilizer, the presence of mulch
significantly increased PFP. The treatment with 200 kg ha™ organic fertilizer with-
out mulch (M) recorded 338.30 kg kg™ N ha™! at Lare season 1 and 361.23 kg kg™
N ha™' at Lare season 2, while the same treatment with mulch increased PFP to
400.79 kg kg™ N ha™! at Lare season 1 and 468.24 kg kg™ N ha™' at Lare season 2.
At Maai Mahiu, the same treatments produced 99.68 kg kg™' N ha™' and 283.51 kg
kg™ n ha™! without mulch, compared with 94.09 kg kg™ N ha™' and 340.04 kg kg™!
N ha™* with mulch in seasons 1 and 2, respectively. Similarly, the treatment with
400 kg ha™* organic fertilizer without mulch produced 187.06 kg kg™ N ha™* at
Lare season 1 and 201.87 kg kg™' N ha™' at Lare season 2, whereas the addition of
mulch increased PFP to 362.22 kg kg™ N ha™! at Lare season 1 and 425.54 kg kg™
N ha™ at Lare season 2. At Maai Mahiu, the same treatments recorded 47.87 kg
kg™ N ha™ and 139.79 kg kg™ N ha™' without mulch, compared with 54.65 kg kg™
N ha™' and 177.63 kg kg™' N ha™! with mulch. The beneficial effect of mulch was
also observed in treatments involving mineral fertilizer. Under the treatment with
75 kg ha™ NPK without organic fertilizer recorded 161.33 kg kg™ N ha™' at Lare
season 1 and 169.67 kg kg™ N ha™' at Lare season 2 without mulch, but increased
to 257.87 kg kg™ N ha™' at Lare season 1 and 278.67 kg kg™ N ha™! at Lare season
2 when mulch was applied. At Maai Mahiu, the same treatment increased from
53.00 kg kg™ N ha™! and 110.67 kg kg™' N ha™! without mulch to 107.86 kg kg™' N
ha™ and 185.33 kg kg! N ha™' with mulch. The improvements in PFP indicate
that mulch enhanced nutrient use efficiency, reducing soil moisture loss, improv-
ing soil temperature regulation, minimizing nutrient leaching, and enhancing mi-

crobial activity, all of which contribute to improved nutrient uptake by crops.
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Table 3. Mean values for partial factor productivity for Dolichos crop as affected by integrated
nutrient management and mulching application at Lare and Maai Mahiu Nakuru County
Kenya during season 1 (September 2024-January 2025) and season 2 (April-August 2025).

Treatments
Organic
NPK & Organic Maai Maai
Fertilizer Lare S1 ] Lare S2 ]
(Kg/Ha) (Kg/Ha) Mulch Mahiu S1 Mahiu S2
g/Ha
0 200 Mo 338.30* 99.68* 361.23* 283.51*
400 Mo 187.06°4f 47.87bd 201.87b 139.79b<d
600 Mo 217.82¢4 72.872bcd 223.27b 134.15b¢de
200 M 400.79* 94.09% 468.24* 340.04*
400 M, 362.22% 54,654 425.54* 177.63°
600 M 270.03b 71.072b<d 297.88P 153.06°¢
75 0 Mo 161.33¢def 53,0024 169.67<¢ 110.67bcdefs
200 Mo 142.949 42.494 151.40¢4 86.43¢defg
400 Mo 151.609f 56.142bcd 154.67<4 91.54¢defg
600 Mo 146.219 27.154 152.11<4 56.818
0 M, 257.87% 107.86* 278.67° 185.33>
200 M 210.70¢de 71.36%><d 224.66 130.09bedef
400 M 178.51def 71.522bcd 191.85b 118.93bcdefg
600 M 95.90¢f 43.88 454.89* 83.84%f
150 0 Mo 105.16%f 40.28¢ 109.04<4 69.11¢f8
200 Mo 182.39¢def 81.80%¢ 194.900¢ 133.00bcde
400 Mo 87.15f 45,08 92.08< 67.04°f
600 Mo 85.33f 44.96%4 89.90< 64.57%
0 M 142.56% 36.664 148.89<4 75.31%f8
200 M 129.824¢f 58.342bcd 139.78< 91.37¢defg
400 M 83.17f 48.92b«d 93,01 78.30%fs
600 M 105.674¢f 52.932bcd 112.33< 79.174f8
HSD (0.05) 8.80 3.59 5.28 5.08

Means followed by the same letter within a column are not significantly different at P <
0.05 according to Tukey’s HSD test. (S1—season 1, S1—season 2, Mo—without mulch,
Mi—with mulch).

Seasonal and site variations in PFP were observed across the treatments. Across
most treatments, Lare consistently recorded higher PFP values than Maai Mahiu.
The treatment with 200 kg ha™' organic fertilizer without mulch produced 338.30
kg kg™ N ha™' at Lare season 1 compared with 99.68 kg kg™ N ha™! at Maai Mahiu
season 1, and 361.23 kg kg™ N ha™! at Lare season 2 compared with 283.51 kg kg™
N ha™! at Maai Mahiu season 2. Similarly, the treatment with 400 kg ha™ organic
fertilizer with mulch recorded 362.22 kg kg™ N ha™' at Lare season 1 and 425.54
kg kg™ N ha™' at Lare season 2, whereas the corresponding values at Maai Mahiu
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were only 54.65 kg kg™ N ha™' in season 1 and 177.63 kg kg™ N ha™" in season 2.
Seasonal differences were also evident. In many treatments, season two produced
higher PFP values than season one, particularly at Maai Mahiu. The treatment
with 200 kg ha™ organic fertilizer with mulch increased from 94.09 kg kg™ N ha™!
in season one to 340.04 kg kg™' N ha™' in season two at Maai Mahiu. Similarly, 400
kg ha™! organic fertilizer with mulch increased from 54.65 kg kg™ N ha™' in season
1to 177.63 kg kg™ N ha™' in season 2. At Lare, seasonal differences were also ob-
served, though they were generally smaller. At 200 kg ha™ organic fertilizer with
mulch increased from 400.79 kg kg™! N ha™' in season one to 468.24 kg kg™' N ha™!
in season two. The higher PFP values observed at Lare were because of favourable
soil fertility and moisture conditions, allowing crops to utilize applied nutrients
more efficiently. In contrast, the relatively lower PFP values at Maai Mahiu may
reflect greater moisture limitations and poorer soil conditions, which restricted

nutrient uptake and crop productivity.

3.3. Relative Yield (RY) (Kg ha-1)

The results shown in Table 4 below indicate that Relative Yield (RY) was signifi-
cantly affected by fertilizer treatment, mulch application, site, and season. Signif-
icant interaction effects among these factors indicated that crop response to inte-
grated nutrient management differed across environments. The observed varia-
tions highlight the importance of site-specific and season-specific nutrient man-
agement strategies for maximizing yield performance. The treatments had a sig-
nificant influence on Relative Yield (RY) across both Lare and Maai Mahiu sites
and across the two seasons. Generally, RY increased with the integration of min-
eral fertilizer, organic fertilizer, and mulch, although the magnitude of response
varied depending on the site and season. Across both sites, the highest RY values
were observed in treatments that combined higher fertilizer inputs with mulch.
Under the treatment with 150 kg ha™ NPK and 600 kg ha™! organic fertilizer with
mulch recorded very high RY values of 2495.13 kg ha™! at Lare season 1, 304.33 kg
ha! at Maai Mahiu season 1, 2440.84 kg ha™! at Lare season 2, and 1984.89 kg ha™
at Maai Mahiu season 2. Similarly, the treatment with 150 kg ha NPK and 200
kg ha™ organic fertilizer with mulch produced high RY values of 2362.24 kg ha™
at Lare season 1, 276.00 kg ha™' at Maai Mahiu season 1, 2351.62 kg ha™ at Lare
season 2, and 1711.46 kg ha™' at Maai Mahiu season 2. In the 75 kg ha™* NPK
fertilizer treatments, RY values were also relatively high, particularly when organic
fertilizer was included. At 75 kg ha™' NPK combined with 400 kg ha™ organic
fertilizer without mulch produced 2089.90 kg ha™! at Lare seasonl, 260.00 kg ha™
at Maai Mahiu season 1, 2081.09 kg ha™! at Lare season 2, and 1163.82 kg ha™! at
Maai Mahiu season 2. This indicates that moderate fertilizer inputs still produced
substantial yield responses. However, treatments with no mineral fertilizer but
only organic fertilizer generally produced lower RY values. At 200 kg ha™! organic
fertilizer without mulch recorded 297.45 kg ha™* at Lare season 1, 155.67 kg ha™
at Maai Mahiu season 1, 316.66 kg ha™' at Lare season 2, and 398.73 kg ha™' at

DOI: 10.4236/as.2026.178051

910 Agricultural Sciences


https://doi.org/10.4236/as.2026.178051

0. P. Ogoye et al.

Maai Mahiu season 2. Although the highest fertilizer combinations produced the
greatest yield increases, moderate fertilizer (400 - 600 kg ha™ organic fertilizer)
and 75 kg ha™! NPK combinations offer better economic efficiency for farmers,

since they require lower input costs while still producing substantial yield gains.

Table 4. Mean values for relative yield for Dolichos crop as affected by integrated nutrient
management and mulching application at Lare and Maai Mahiu Nakuru County Kenya
during season 1 (September 2024-January 2025) and season 2 (April-August 2025).

Treatments
NPK  OTEC o nic Maai Mahiu Maai Mahiu
(Kg/Ha) Fertilizer Mulch Lare S1 S1 Lare S2 2
(Kg/Ha)
0 200 Mo 297.458 155.67hik 316.66' 398.73h
400 Mo 440.72% 153.33k 486.72h 382.99"
600 Mo 1558.1120cde 222.004¢fshi 1550.95¢ 874.43°f%
200 M, 287.618 139.67% 253.03! 376.34"
400 M, 1430.21bedef 145.33% 1632.49¢ 437.22h
600 M, 1772.8020cde 188.008hik 1802.719f 852.91¢f%
75 0 Mo 1001.17%f 191.33fshilk 1035.04# 675.718h
200 Mo 1338.48<def 200.00¢fshik 1407.50f 712.31fh
400 Mo 2089.90%¢ 260.00b<def 2081.09<¢ 1163.82¢de
600 Mo 2562.84* 193.33fshijk 2636.57° 670.568"
0 M, 1820.2820cde 240.67b<defs 1777.85%f  1375.85b¢
200 M, 2061.70%d 223.67¢defsh 1989.31¢d¢  1195.24%
400 M, 2236.60%¢ 252.000<defs 2209.11°¢ 1484.05b
600 M, 905.81¢% 212.004¢fshii 1435.77¢ 1091.284%f
150 0 Mo 1625.892bcde 242,00b¢defs 1652.20¢ 1027.01¢
200 Mo 1959.212b<d 283.50% 1963.96¢4¢ 1510.12%
400 Mo 1863.812bcde 308.33% 1956.33<%f  1510.39%
600 Mo 2144.08%¢ 332.33* 2242.95% 1686.01%
0 M, 2167.87%¢ 197.33fshiik 2024.79%e 936.63¢
200 M, 2362.24%¢ 276.00%d 2351.62° 1711.46%
400 Mi  1318.49%¢f  267.67%  1344.15%  1639.02%
600 M 2495.13® 304.33% 2440.84°  1984.89
HSD (0.05) 9.36 5.29 6.94 5.30

Means followed by the same letter within a column are not significantly different at P <
0.05 according to Tukey’s HSD test. (S1—season 1, S1—season 2, Mo—without mulch,
Mi—with mulch).

Mulching generally improved relative yield across both sites and seasons. At the
treatment with 75 kg ha™ NPK and no organic fertilizer, without mulch produced
1001.17 kg ha™! at Lare season 1 and 1035.04 kg ha™ at Lare season 2, whereas the

DOI: 10.4236/as.2026.178051

911 Agricultural Sciences


https://doi.org/10.4236/as.2026.178051

0. P. Ogoye et al.

same treatment with mulch increased RY to 1820.28 kg ha™' at Lare season 1 and
1777.85 kg ha™! at Lare season 2. At Maai Mahiu, the same treatments increased
from 191.33 kg ha™' and 675.71 kg ha™ without mulch to 240.67 kg ha™ and
1375.85 kg ha™! with mulch in seasons 1 and 2, respectively. Similarly, the treat-
ment with 150 kg ha™ NPK and 200 kg ha™" organic fertilizer without mulch rec-
orded 1959.21 kg ha™' at Lare season 1 and 1963.96 kg ha™! at Lare season 2, while
the addition of mulch increased RY to 2362.24 kgha™ at Lare season 1 and 2351.62
kg ha at Lare season 2. At Maai Mahiu, the same treatments increased from
283.50 kg ha™' in season 1 and 1510.12 kg ha™" in season 2 without mulch to 276.00
kg ha™' in season 1 and 1711.46 kg ha™ in season 2 with mulch. Mulch improved
yield performance in semi-arid environments such as Maai Mahi.

Across most treatments, Lare consistently recorded higher RY values than Maai
Mahiu. The treatment with 75 kg ha! NPK and 400 kg ha™* organic fertilizer with-
out mulch produced 2089.90 kg ha™' at Lare season 1 compared with only 260.00
kg ha™' at Maai Mahiu season 1, and 2081.09 kg ha™" at Lare season 2 compared
with 1163.82 kg ha™! at Maai Mahiu season 2. Similarly, the treatment with 150 kg
ha™ NPK and 600 kg ha™ organic fertilizer without mulch recorded 2144.08 kg
ha™' at Lare season 1 and 2242.95 kg ha™' at Lare season 2, whereas the correspond-
ing values at Maai Mahiu were 332.33 kg ha™' in season 1 and 1686.01 kg ha™'sea-
son 2. Seasonal variation was also evident. Season two produced higher RY values
than season one, particularly at Maai Mahiu. Under the treatment with 75 kg ha™
NPK and no organic fertilizer without mulch increased from 191.33 kg ha™ in
season 1 to 675.71 kg ha™ in season 2. Similarly, 150 kg ha™ NPK and 600 kg ha™'
organic fertilizer with mulch increased from 304.33 kg ha™! in season 1 to 1984.89
kg ha™! in season 2. Lare had more favourable soil fertility and moisture condi-
tions, which allowed crops to respond better to fertilizer inputs. In contrast, the
lower yield responses observed at Maai Mahiu reflected greater moisture stress

and less favourable soil conditions.

3.4.Yield Response (YR) (%)

Yield Response (YR) was significantly influenced by fertilizer treatment, mulch
application, site, and season, with significant interaction effects observed among
the factors. The magnitude of yield response varied across fertilizer combinations
and environmental conditions, indicating that the effectiveness of nutrient inputs
depended on both management practices and site-specific growing conditions.
Across the treatments without mineral fertilizer, yield response increased with in-
creasing organic fertilizer rates as shown in Table 5 below. Under the application
of 600 kg ha™' organic fertilizer without mulch, relatively high YR values of
248.67% were obtained at Lare season 1 and 297.01% at Maai Mahiu season 1,
while in season 2 the same treatment recorded 171.33% at Lare season 2 and
221.84% at Maai Mahiu season 2. In contrast, lower organic fertilizer levels such
as 200 kg ha™ produced smaller responses, with 127.67% at Lare season 1, 172.72%
at Maai Mahiu season 1, 61.82% at Lare season 2, and 155.63% at Maai Mahiu
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season 2. The introduction of 75 kg NPK ha™! improved yield response across both
sites. The treatment combining 75 kg ha™ NPK with 600 kg ha™' organic fertilizer
without mulch produced the highest responses at Lare, reaching 343.00% in sea-
son 1 and 267.72% in season 2, while at Maai Mahiu the same treatment recorded
268.21% in season 1 and 193.49% in season 2. Similarly, 75 kg ha™ NPK combined
with 400 kg ha™' organic fertilizer without mulch produced high responses of
297.00% at Lare season 1 and 216.51% at Lare season 2, and 391.12% at Maai
Mahiu season 1 and 260.16% at Maai Mahiu season 2. The highest yield responses
were observed in treatments with 150 kg NPK ha™' combined with organic ferti-
lizer. At 150 kg ha™' NPK and 600 kg ha™' organic fertilizer without mulch pro-
duced 302.00% at Lare season 1 and 231.58% at Lare season 2, while at Maai Mahiu
the same treatment recorded 437.11% in season 1 and 332.01% in season 2. Simi-
larly, 150 kg ha™* NPK and 200 kg ha™! organic fertilizer without mulch recorded
261.00% at Lare season 1 and 178.44% at Lare season 2, and 461.53% and 283.43%
at Maai Mahiu season 1 and season 2, respectively. Moderate fertilizer combina-
tions as 75 kg ha™' NPK with 400 kg ha™" organic fertilizer produced responses of
297.00% at Lare season 1 and 391.12% at Maai Mahiu season 1, provided a better
balance between yield gain and input cost for resource-constrained farmers.

Mulching enhanced yield response across both sites, particularly in treatments
involving mineral fertilizer. The treatment with 75 kg ha™ NPK without organic
fertilizer increased from 194.00% at Lare season 1 and 125.13% at Lare season 2
without mulch to 224.67% and 134.05% with mulch in seasons 1 and 2, respec-
tively. At Maai Mahiu, the same treatment increased substantially from 188.77%
and 191.36% without mulch to 466.29% and 240.50% with mulch in seasons 1 and
2, respectively. Similarly, 75 kg ha™ NPK combined with 400 kg ha™! organic fer-
tilizer increased from 297.00% at Lare season 1 and 216.51% at Lare season 2 with-
out mulch to 253.67% and 159.73% with mulch, while at Maai Mahiu the same
treatments increased from 391.12% and 260.16% without mulch to 444.92% and
251.98% with mulch. Mulching also enhanced yield response in some high nitro-
gen treatments. At 150 kg ha™ NPK with 600 kg ha™' organic fertilizer increased
from 437.11% at Maai Mahiu season 1 without mulch to 538.97% with mulch,
representing the highest yield response observed across the treatments. At Lare,
the same treatment increased from 302.00% without mulch to 270.67% with
mulch, while season 2 recorded 231.58% without mulch and 244.08% with mulch.
Mulching increased the return on fertilizer investment by enhancing yield re-
sponse without requiring additional fertilizer inputs, making it a cost-effective
practice for improving productivity.

In many treatments, Maai Mahiu recorded higher yield response percentages
than Lare, particularly in season 1. The treatment with 150 kg ha™' NPK and 200
kg ha™! organic fertilizer without mulch recorded 261.00% at Lare season 1 com-
pared with 461.53% at Maai Mahiu season 1. Similarly, 75 kg ha™ NPK without
organic fertilizer with mulch produced 224.67% at Lare season 1 but 466.29% at
Maai Mahiu season 1. However, in season 2, Lare often recorded higher responses

DOI: 10.4236/as.2026.178051

913 Agricultural Sciences


https://doi.org/10.4236/as.2026.178051

0. P. Ogoye et al.

in several treatments. The treatment with 75 kg ha™ NPK and 600 kg ha™! organic

fertilizer without mulch produced 267.72% at Lare season 2 compared with
193.49% at Maai Mahiu season 2. Similarly, 150 kg ha™' NPK and 600 kg ha™! or-

ganic fertilizer without mulch recorded 231.58% at Lare season 2 compared with

332.01% at Maai Mahiu season 2, although the latter still remained relatively

high.

Table 5. Mean values for yield response for Dolichos crop as affected by integrated nutrient

management and mulching application at Lare and Maai Mahiu Nakuru County Kenya

during season 1 (September 2024-January 2025) and season 2 (April-August 2025).

Treatments

NPK

Organic

Fertilizer

(Kg/Ha)

0 200
400
600
200
400
600

75 0
200
400
600

200
400
600

150 0
200
400
600

0
200
400
600

HSD (0.05)

(Kg/Ha)

Organic
Mulch
Mo
Mo
Mo
M
M
M
Mo
Mo
Mo
Mo
M
M
M
M
Mo
Mo
Mo
Mo
M,
M
M
M

Lare S1

127.67%
141.33<¢
248,672
110.83¢
198.00<def
220.33bcdef
194.00¢def
227.00b<de
297.00%
343.00*
224.67bcdef
241.33bd
253,672
163.334fs
253,332bcd
261.00%*
276.47%¢
302.00%
248,672
262.00%*
190.67¢d¢f
270.67%¢
8.90

Maai Mahiu
S1
172.72h
145.72h
297.01¢f
139.04"
157.33"
330.55%
188.77"
314.55%¢
391.12¢
268.21%
466.29°
388.14¢
444.92°
391.36°
345,00
461.53%
417.03b¢
437.11°
317.024
470.30°
444.18°
538.97°
5.36

Lare S2

61.82¢
75.95¢f
171.33b¢
47.73¢t
127.01¢de
134.3]¢de
125.13¢de
158.08b<d
216.51%
267.72*
134.05¢de
146.36¢4
159.73b<d
117.13¢def
179.212¢
178.44%¢
206.19%
231.58°
224,79
251.62°
1344.15%
240.84°

3.05

Maai Mahiu
S2
155.63hk
153.177k
221.84defeghi
139.78%
145.30%
187.89shilk
191.36fshilk
199.89¢fehijk
260.16b<def
193.49fehijk
240.50bcdefs
223,720defgh
251.98bedefs
212.064fehi
242.14bcdefg
283.43%¢
308.31%
332.01*
197.17%hijk
275.882bed
267.56%d
304.35%

9.75

Means followed by the same letter within a column are not significantly different at P <

0.05 according to Tukey’s HSD test. (S1—season 1, S1—season 2, Mo—without mulch,

Mi—with mulch).
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3.5. Crop Total Grain Yield (Kg ha-1)

In Table 6 below, total yield responded to increasing fertilizer inputs. Under the
control treatment (0 kg ha™! NPK, 0 kg ha™! organic fertilizer, M), the lowest
yields were recorded across all environments, with 1055.76 kg ha™ at Lare season
1, 735.34 kg ha™! at Maai Mahiu season 1, 1128.25 kg ha™' at Lare season 2, and
838.01 kg ha™! at Maai Mahiu season 2, indicating nutrient limitation. Increasing
organic fertilizer under the same NPK level slightly improved yields. Under 0 kg
ha™ NPK and 600 kg ha™' organic fertilizer without mulch, yield increased to
2613.87 kg ha™" at Lare season 1, 1609.77 kg ha™' at Maai Mahiu season 1, 2679.19
kg ha™" at Lare season 2, and 1702.17 kg ha™! at Maai Mahiu season 2, suggesting
that organic inputs contributed to improved soil fertility and crop performance.
When 75 kg NPK ha™ was applied without mulch, yields increased progressively
with organic fertilizer rates, reaching 3618.60 kg ha™' at Lare season 1, 1405.90 kg
ha! at Maai Mahiu season 1, 3764.82 kg ha™! at Lare season 2, and 1477.92 kg ha™
at Maai Mahiu season 2 under 600 kg organic fertilizer. Similarly, under 150 kg
NPK ha™! without mulch, yields ranged from 2681.66 kg ha™' at Lare season 1 to
3199.84 kg ha™!, while at Maai Mahiu season 1 they ranged from 1762.36 kg ha™
to 2421.36 kg ha™" as organic fertilizer increased. The highest yields were observed
under 150 kg NPK combined with higher organic fertilizer rates and mulch. For
Under 150 kg ha™ NPK and 600 kg ha™' organic fertilizer with mulch, yields
reached 3962.67 kg ha™ at Lare season 1, 2968.68 kg ha™' at Maai Mahiu season 1,
4212.65 kg ha™' at Lare season 2, and 3249.39 kg ha™' at Maai Mahiu season 2,
Integrated nutrient management significantly enhanced productivity due to im-
proved nutrient availability, better soil structure, and enhanced plant growth.
Mulch application increased total yield across most fertilizer combinations. Un-
der 0 kg ha NPK and 0 kg ha™! organic fertilizer, yield increased from 1055.76 kg
ha™ to 1467.54 kg ha™" at Lare season 1, 735.34 kg ha™' to 983.79 kg ha™! at Maai
Mahiu season 1, 1128.25 kg ha™ to 1771.80 kg ha™! at Lare season 2, and 838.01 kg
ha™' to 1237.31 kg ha™! at Maai Mahiu season 2 when mulch was applied. Similarly,
under 0 kg ha™ NPK and 600 kg ha™ organic fertilizer, yields increased from
2613.87 kg ha™! to 3240.34 kg ha™' at Lare season 1, 1609.77 kg ha™' to 1836.71 kg
ha™! at Maai Mahiu season 1, 2679.19 kg ha™! to 3574.51 kg ha™! at Lare season 2,
and 1702.17 kg ha™" to 2091.45 kg ha™' at Maai Mahiu season 2 following mulch
application. A similar pattern was observed under 75 kg ha™* NPK, where yields
increased markedly with mulch. Under 75 kg ha™' NPK and 400 kg ha™' organic
fertilizer, yield increased from 3145.66 kg ha™ to 3704.14 kg ha™* at Lare season 1,
1899.16 kg ha™' to 2467.84 kg ha™' at Maai Mahiu season 1, 3209.35 kg ha™ to
3980.91 kg ha™! at Lare season 2, and 2010.33 kg ha™ to 2753.95 kg ha™! at Maai
Mahiu season 2 when mulch was applied. Similarly, under 150 kg ha™* NPK and
200 kg ha™' organic fertilizer, yield increased from 3153.90 kg ha™' to 3829.77 kg
ha™ at Lare season 1, 2379.73 kg ha™' to 2695.25 kg ha™! at Maai Mahiu season 1,
3278.30 kg ha™' to 4123.43 kg ha™" at Lare season 2, and 2484.51 kg ha™' to 2896.87
kg ha™' at Maai Mahiu season 2. Mulch enhanced crop productivity improving
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soil moisture conservation, reducing evaporation losses, and enhancing nutrient

use efficiency.

Table 6. Mean values for Dolichos crop total grain yield as affected by integrated nutrient
management and mulching application at Lare and Maai Mahiu Nakuru County Kenya
during season 1 (September 2024-January 2025) and season 2 (April-August 2025).

Treatments
NPK Org.a.nic Organic Maai Mahiu Maai Mahiu
(Kg/Ha) Fertilizer Mulch Lare S1 s1 Lare S2 $2
(Kg/Ha)
0 0 Mo 1055.76! 735.34! 1128.25! 838.01%
200 Mo 1353.210M 1134.078 1444.91% 1233.58
400 Mo 1496.48" 1118.331 1614.97 122531k
600 Mo 2613.87%f 1609.7780 2679.19%  1702.178h
0 M 1467.54% 983.79% 1771.80 123731k
200 M 1603.158" 1360.147% 1872.94h 1541.99
400 M 2897.75b¢def 1421.01M 3404294 1713.768"
600 M 3240.34%<%  1836.71°%"  3574.51¢  2091.45%f8
75 0 Mo 2056.93h 1411.05M%  2163.29¢ 1509.50M
200 Mo 2394.25¢f8h 1447.65 2535.75% 1520.00
400 Mo 3145.66%0de 1899.16%%  3209.35%  2010.33¢fh
600 Mo 3618.60%°¢ 1405.901% 3764.82% 1477.921
0 M 3287.81%¢de 2359 64bd 3549.66¢ 2643.14%
200 M 3529.2420<d 2179.03%  3761.11%*  2564.97°¢
400 M 3704.14%¢ 2467.84%¢  3980.91%¢ 2753952
600 M 2373.34¢feh 2075.08%f 2705.91f 234550
150 0 Mo 2681.66 1762.368 2780.44f  1783.21f%M
200 Mo 3153.90%de  2379.73bd  3278.30d 2484515
400 Mo 2919.572bcdef 2245 73cde 3084.57¢f  2319.37¢de
600 Mo 3199.84%0cde 24213654 3371.20¢  2547.09b
0 M 3635.40%°4 1920.43¢8 3796.60>  2236.00%f
200 M 3829.77% 2695.25% 4123.43*  2896.87®
400 M 2786.03%df  2622.82%¢ 3115.95¢ 2881.82
600 M 3962.67* 2968.68* 4212.65* 3249.39°
HSD (0.05) 10.46 10.02 10.76 10.56

Means followed by the same letter within a column are not significantly different at P <
0.05 according to Tukey’s HSD test. (S1—season 1, S1—season 2, Mo—without mulch,
Mi—with mulch).
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Seasonal and site differences were evident in total yield. In most treatments,
Season 2 produced higher yields than season 1 at both sites. Under control, 0 kg
ha™ NPK, 0 kg ha™! organic fertilizer, and no mulch, yield increased from 1055.76
kg ha™' to 1128.25 kg ha™ at Lare from season 1 to season 2 and from 735.34 kg
ha™ to 838.01 kg ha™' at Maai Mahiu from season 1 to season 2. Similarly, under
150 kg ha™! NPK and 600 kg ha™ organic fertilizer with mulch, yield increased
from 3962.67 kg ha™! to 4212.65 kg ha™' at Lare season 1 to season 2 and from
2968.68 to 3249.39 kg ha™' at Maai Mahiu season 1 to season 2, indicating more
favourable growing conditions during the second season. Site differences were ev-
ident across most treatments. In many cases, Lare recorded higher yields than
Maai Mahiu. Under 75 kg ha™! NPK and 400 kg ha™! organic fertilizer with mulch,
yields were 3704.14 kg ha™' at Lare season 1 and 3980.91 kg ha™' at Lare season 2,
compared with 2467.84 kg ha™' at Maai Mahiu season 1 and 2753.95 kg ha™" at
Maai Mahiu season 2. Similarly, under 150 kg ha™ NPK and 600 kg ha™' organic
fertilizer with mulch, yields were 3962.67 kg ha™' and 4212.65 kg ha™" at Lare sea-
son 1 and season 2, respectively, compared with 2968.68 kg ha™ and 3249.39 kg
ha™! at Maai Mahiu season 1 and season 2, respectively. Overall, Lare and Season
2 generally produced higher yields. Environmental conditions such as rainfall dis-
tribution, soil fertility, and climatic factors favoured better crop growth and

productivity at that site and season.

4. Discussion

From the above results, the present study demonstrated that integrated nutrient
management combined with mulching improved agronomic performance, ferti-
lizer use efficiency, and grain yield of Dolichos bean across both sites and seasons
in the semi-arid areas of Nakuru County, Kenya. Treatments that combined mod-
erate rates of NPK fertilizer (<75 kg ha™') with organic fertilizer (400 - 600 kg ha™')
consistently outperformed sole fertilizer applications and the unfertilized con-
trols. The superior performance of these integrated treatments is attributed to im-
proved nutrient synchronization, whereby readily available nutrients from NPK
fertilizer supported early crop growth while nutrients released gradually from or-
ganic fertilizer sustained crop demand during reproductive development. This
complementary nutrient supply enhanced pod formation, grain filling, and final
grain yield while minimizing periods of nutrient deficiency. In addition, organic
amendments improved soil organic matter content, microbial activity, and nutrient
retention, thereby increasing nutrient availability and uptake efficiency throughout
the growing season. Similar findings have been reported in integrated soil fertility
studies where combining organic and inorganic nutrient sources improved nutri-
ent use efficiency, crop growth, and productivity under tropical and semi-arid
conditions [12] [13]. The low performance observed under the control treatment
further confirms that poor soil fertility and inadequate nutrient availability re-
main major constraints to legume productivity in semi-arid agroecosystems.

Mulching enhanced crop performance and fertilizer use efficiency across both
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sites and seasons. Higher grain yield, seed weight, AUE, PFP, RY, and YR under
mulched treatments indicate that the benefits of fertilizer application were strongly
influenced by soil moisture availability. In semi-arid environments, nutrient up-
take is often constrained not only by nutrient supply but also by insufficient soil
moisture to facilitate nutrient dissolution, root growth, and nutrient transport to
plant roots. Mulch improved the efficiency of applied fertilizers by conserving soil
moisture, moderating soil temperature fluctuations, and creating favourable con-
ditions for microbial activity and nutrient mineralization. These effects enhanced
root development and nutrient uptake, allowing crops to utilize a greater propor-
tion of the applied nutrients. Similar findings have been reported by [14] [15],
who emphasized that mulching significantly improves soil water conservation, nu-
trient cycling, and crop resilience under moisture-limited conditions. The decline
in agronomic use efficiency and other fertilizer use efficiency indices at higher fer-
tilizer application rates, particularly under 150 kg ha™ NPK combined with high
organic fertilizer inputs, suggests that nutrient supply exceeded the crop’s capacity
to effectively utilize the additional nutrients. Although these treatments often pro-
duced relatively high grain yields, the yield increase was not proportional to the
quantity of nutrients applied, resulting in lower efficiency values. This pattern re-
flects the principle of diminishing returns, whereby each additional unit of ferti-
lizer contributes progressively smaller yield gains once crop nutrient requirements
approach saturation. Excess nutrient availability increased nutrient losses through
leaching, fixation, volatilization, and temporary nutrient imbalances, thereby reduc-
ing nutrient recovery by the crop. Similar findings have been reported by [1] and
[16] who indicated that nutrient use efficiency declines when fertilizer application
exceeds crop demand.

The contrasting responses observed between Lare and Maai Mahiu further high-
light the influence of local environmental conditions on nutrient use efficiency.
Lare generally produced higher yields and fertilizer use efficiency values, suggest-
ing that soil fertility and moisture conditions were more favorable for nutrient
uptake and crop growth. Under such conditions, a larger proportion of applied
nutrients converted into grain yield. In contrast, Maai Mahiu showed a stronger
response to mulching, indicating that moisture limitation rather than nutrient sup-
ply was a major constraint to crop productivity. The greater effectiveness of mulch
at Maai Mahiu suggests that conserving soil water improved the crop’s ability to
access and utilize applied nutrients. These findings demonstrate that the effective-
ness of nutrient management practices depends on the interaction between nutri-
ent availability and site-specific environmental factors, particularly soil moisture
status.

Seasonal variation also influenced crop performance and fertilizer use effi-
ciency. The generally superior performance observed during season 2 was at-
tributed to more favorable rainfall distribution and the residual effects of organic
fertilizer applied in the previous season. Organic amendments continue to decom-

pose after application, gradually releasing nutrients and improving soil structure,
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water-holding capacity, and microbial activity. Consequently, the cumulative ben-
efits of organic inputs enhanced nutrient availability and nutrient uptake effi-
ciency in the second season. Overall, the findings indicate that the productivity
benefits of integrated nutrient management are not solely due to increased nutri-
ent supply but also arise from improved nutrient synchronization, enhanced soil
conditions, and greater resilience to moisture stress. These results support the use
of integrated nutrient management combined with mulching as a sustainable
strategy for improving Dolichos productivity and fertilizer use efficiency in semi-
arid environments. Similar findings by [17] and [18] showed that integrated nu-
trient management significantly improves soil fertility status, nutrient availability,

and crop response in degraded soils of sub-Saharan Africa.

5. Correlation Matrices

Correlation analysis is a statistical tool used to quantify the strength and direction
of relationships between variables in agricultural research. In studies involving
crop performance and nutrient management, it helps to describe how grain yield
is associated with fertilizer use efficiency indices such as agronomic efficiency
(AUE), partial factor productivity (PFP), relative yield (RY), and yield response
(YR). However, it is important to note that RY and YR were derived directly from
grain yield; therefore, they were not independent predictors of yield. As a result,
correlations involving RY and YR were interpreted as descriptive numerical asso-
ciations rather than evidence that they causally influence yield. Overall, the corre-
lation analysis in this study was used to characterize patterns of association among
variables and to support interpretation of nutrient use efficiency outcomes, rather

than to infer causal drivers of yield performance.

5.1. Pearson Correlation Coefficient at Lare

In Table 7 results below, the correlation matrix reveals strong relationships be-
tween grain yield and most fertilizer efficiency metrics, highlighting the integrated
nature of productivity responses in Lare. Grain yield exhibited a very strong pos-
itive correlation with yield response (r = 0.98) and relative yield (r = 0.91), indi-
cating that relative and yield-based efficiency indices were the most influential
determinants of final productivity. This suggests that treatments that improved
yield response relative to controls and maximum potential conditions directly
translated into higher grain yield. A moderate positive relationship with agro-
nomic use efficiency (r = 0.67) further indicates that agronomic efficiency con-
tributed substantially to yield improvement. In contrast, the weak correlation be-
tween grain yield and partial factor productivity (r = 0.20) suggested that partial
factor productivity was less sensitive in capturing yield variations under the ex-
perimental conditions; it does not account for incremental yield gains per unit
nutrient applied.

Among the fertilizer efficiency metrics, agronomic use efficiency and partial

factor productivity were strongly correlated (r = 0.72), implying that both indices
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responded similarly to nutrient application rates and management practices.
However, partial factor productivity showed very weak relationships with relative
yield (r = 0.07) and yield response (r = 0.15). The strong correlation between rel-
ative yield and yield response (r = 0.92) confirmed consistency between these two
indices in describing yield performance relative to nutrient inputs and control
treatments. Yield response and relative yield are the most reliable indicators of
grain yield performance, while agronomic use efficiency provides supportive in-

sight into nutrient use efficiency.

Table 7. Pearson correlation coefficient matrix for yield and fertilizer use efficiency metrics
under integrated nutrient management and mulching application at Lare, Nakuru County,
Kenya during season 1 (September 2024-January 2025) and season 2 (April-August 2025).

Variables Grain yield AUE PFP RY YR
Grain yield 1 0.67 0.2 0.91 0.98
AUE 0.67 1 0.72 0.57 0.65
PFP 0.2 0.72 1 0.07 0.15
RY 0.91 0.57 0.07 1 0.92

YR 0.98 0.65 0.15 0.92 1

AUE = agronomic use efficiency, PFP = partial factor productivity, RY = relative yield, YR
= yield response.

5.2. Pierson Correlation Coefficient Matrix across Seasons in Maai
Mabhiu

The results shown in Table 8 below show that in Maai Mahiu, the correlation
matrix showed a different pattern compared to typical positive nutrient-yield re-
lationships, indicating complex nutrient dynamics under semi-arid conditions.
Grain yield exhibited a strong positive correlation with yield response (r = 0.74)
and a moderate positive relationship with relative yield (r = 0.61), confirming that
yield response-based indices remained the most reliable predictors of productiv-
ity. In contrast, grain yield showed weak negative correlations with agronomic use
efficiency (r = —0.20) and partial factor productivity (r = —0.19). This inverse re-
lationship implies that higher agronomic efficiency and partial factor productivity
did not necessarily translate into increased yield.

Among the efficiency metrics, agronomic use efficiency and partial factor produc-
tivity maintained a strong positive correlation (r = 0.75), indicating consistency in
how these two indices responded to nutrient application. However, both metrics
showed negative relationships with relative yield (r = —0.32 for both) and weak to
negative associations with yield response (r = —0.07 and —0.21, respectively). This
further reinforces the disconnect between efficiency measures and yield response
under the Maaij Mahiu environment.

The strong positive correlation between relative yield and yield response (r =
0.65) indicated alignment between these response indices in explaining yield var-

iation. In Maai Mahiu, yield performance was more strongly driven by response
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efficiency (relative yield and yield response) rather than input-use efficiency (ag-

ronomic use efficiency and partial factor productivity).

Table 8. Pearson correlation coefficient matrix for yield and fertilizer use efficiency metrics
under integrated nutrient management and mulching application at Maai Mahiu, Nakuru
County, Kenya during season 1 (September 2024-January 2025) and season 2 (April-August
2025).

Variables Grain yield AUE PFP RY YR
Grain yield 1 -0.2 -0.19 0.61 0.74
AUE -0.2 1 0.75 -0.32 -0.07
PFP -0.19 0.75 1 -0.32 -0.21
RY 0.61 -0.32 -0.32 1 0.65
YR 0.74 -0.07 -0.21 0.65 1

AUE = agronomic use efficiency, PFP = partial factor productivity, RY = relative yield, YR
= yield response.

6. Conclusion and Recommendation

6.1. Conclusions

Integrated nutrient management combining mineral fertilizer, organic fertilizer,
and mulch significantly improved Dolichos bean yield performance and fertilizer
use efficiency across sites and seasons. Moderate NPK fertilizer rates (<75 kg NPK
ha™) integrated with organic inputs and mulch produced the most balanced ag-
ronomic performance, achieving high yield responses of up to 391.12% and main-
taining superior partial factor productivity of up to 468.24 kg grain kg™! N applied,
indicating efficient nutrient utilization.

Although higher fertilizer rates increased absolute yield, they resulted in lower
nutrient use efficiency, suggesting diminishing returns at excessive mineral ferti-
lizer levels. Mulching further enhanced fertilizer efficiency and yield response,
particularly under moisture-limited conditions, highlighting its importance in
improving soil moisture conservation and nutrient availability.

Site-specific differences were evident, with Lare exhibiting greater nutrient
productivity while Maai Mahiu showed stronger relative yield responses, reflect-
ing contrasting environmental and soil fertility conditions. Overall, the findings
indicated that moderate mineral NPK fertilizer rates (<75 kg NPK ha™) integrated
with organic inputs and mulching provide the most efficient, productive, and eco-
nomically viable nutrient management strategy for Dolichos bean production in

semi-arid agro-ecosystems.

6.2. Recommendations

Based on the findings of this study, the following recommendations are proposed
for optimizing Dolichos bean production in semi-arid environments:
i. Promote integrated nutrient management (INM): Farmers should adopt com-

binations of mineral fertilizer, organic fertilizer, and mulch, as these treatments
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consistently improved yield and nutrient use efficiency.

ii. Use moderate fertilizer rates for economic efficiency: Moderate nitrogen ap-
plication (75 kg NPK ha™') combined with organic fertilizer and mulch provided
substantial yield gains while maintaining high nutrient productivity. In contrast,
higher nitrogen rates (150 kg NPK ha™') sometimes increased yields, but were less
efficient per unit fertilizer applied, making moderate rates more cost-effective for
smallholder farmers.

iii. Incorporate mulching as a standard practice: Mulching significantly en-
hanced yield response and fertilizer efficiency by conserving soil moisture and
improving nutrient availability. Applying mulch increased yield response; there-
fore, mulch should be integrated into Dolichos bean management, especially in
moisture-limited conditions.

iv. Adopt site- and season-specific fertilizer strategies: Fertilizer and mulch
management should be tailored to local conditions, as Lare generally showed higher
nutrient productivity while Maai Mahiu exhibited stronger yield responses. This
suggests that site-specific recommendations optimize both agronomic efficiency
and economic returns.

v. Conduct long-term research for sustainability: Further trials are recom-
mended to evaluate the long-term effects of integrated nutrient management on
soil fertility, nutrient cycling, residual benefits, and cost-benefit ratios. This will
ensure sustainable intensification and economic viability of Dolichos bean pro-

duction systems.
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Appendix: Mean Values

Mean square values for agronomic use efficiency under integrated nutrient manage-
ment and mulching treatments at Lare and Maai Mahiu, Nakuru County, Kenya

during Season 1 (September 2024-January 2025) and Season 2 (April-August 2025).

Season 1 Season 2
Source of variation Df Ms F-value Ms F-value
Replication 2 11,120 0.254" 11,898 0.67***
Treatment 21 15,369 32.61%** 16,232 0.92%**
Error 43 4717 17,686

Codes: ns = not significant, “***” 0.001, “**” 0.01, “*” 0.05, “.” 0.1.

Mean square values for partial factor productivity under integrated nutrient manage-
ment and mulching treatments at Lare and Maai Mahiu, Nakuru County, Kenya

during Season 1 (September 2024-January 2025) and Season 2 (April-August 2025).

Season 1 Season 2
Source of variation Df Ms F-value Ms F-value
Replication 2 990.3 4.20* 9075 0.49%**
Treatment 21 1148.3 4.90%** 43,018 2.33*
Error 43 236 18,451

Codes: ns = not significant, “***” 0.001, “**” 0.01, “*” 0.05, “.” 0.1.

Mean square values for relative yield under integrated nutrient management and
mulching treatments at Lare and Maai Mahiu, Nakuru County, Kenya during Sea-
son 1 (September 2024-January 2025) and Season 2 (April-August 2025).

Season 1 Season 2
Source of variation Df Ms F-value Ms F-value
Replication 2 11,371 227+ 79,846 2.13**
Treatment 21 9992 19.57*** 36,734 0.98%**
Error 43 511 37,488

Codes: ns = not significant, “***” 0.001, “**” 0.01, “*” 0.05, “.” 0.1.

Mean square values for yield response under integrated nutrient management and

mulching treatments at Lare and Maai Mahiu, Nakuru County, Kenya during Sea-
son 1 (September 2024-January 2025) and Season 2 (April-August 2025).

Season 1 Season 2
Source of variation Df Ms F-value Ms F-value
Replication 2 9,611,066 1.07%%* 7,104,717 0.69%**
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Continued
Treatment 21 90,316 1.08** 10,067,798 0.97**
Error 43 83,526 10,343,170

Codes: ns = not significant, “***” 0.001, “**” 0.01, “*” 0.05, “.” 0.1.

Mean square values for total crop grain yield under integrated nutrient management
and mulching treatments at Lare and Maai Mahiu, Nakuru County, Kenya during
Season 1 (September 2024-January 2025) and Season 2 (April-August 2025).

Season 1 Season 2
Source of variation Df Ms F-value Ms F-value
Replication 2 752,041 10.21%+* 2,242,088 0.47***
Treatment 23 2,873,420 39.00%** 7,861,395 1.64
Site 1 29,014,567  393.86%** 58,759,764 12.26%**
Treatment x site 23 405,349 5.50™ 4,337,322 0.91"
Error 94 73,668 4,793,424

Codes: ns = not significant, “***” 0.001, “**” 0.01, “*” 0.05, “.” 0.1.
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