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Abstract
Adlay (Coix lacryma-jobi L.) is an emerging alternative staple crop with increasing economic and nutritional 

importance in the Philippines. However, its productivity is threatened by fungal diseases, particularly those 
caused by Helminthosporium sp., along with other fungi commonly associated with the crop. This study 
recovered and identified fungal isolates associated with adlay in major areas in Mindanao; characterized and 
determined the pathogenicity of Helminthosporium sp. and evaluated potential control strategies. There were 28 
fungal isolates recovered from symptomatic leaves, of which eight confirmed as pathogenic. These pathogenic 
isolates exhibited uniform cultural characteristics and induced identical disease symptoms, leading to the 
selection of a representative isolate for detailed cultural and morphological characterization. The selected isolate 
displayed characteristic pigmentation, colony texture, and growth patterns across various media, consistent with 
Helminthosporium species. Microscopic examination using Differential Interference Contrast (DIC) revealed 
septate conidiophores and multi-septate, pigmented conidia measuring 85–238 µm in length and 17–34 µm in 
width, reinforcing its taxonomic identity. In vitro bioassays of commercially available fungicides identified a 
formulation containing Bacillus subtilis strain QST 713 as the most effective treatment in suppressing fungal 
growth. These findings provide important baseline information for fungal disease management in adlay and  
contribute to the development of improved crop protection strategies.
Keywords: adlay, Coix lacryma-jobi L., cultural characterization, fungal pathogens, Helminthosporium sp., morphological 
analysis, pathogenicity 

Introduction
With the growing population in the Philippines, 

demand for rice continues to rise; however,      
production struggles to keep pace due to weather 
disturbances (e.g., storms, drought), irrigation 
constraints, postharvest losses, and market forces. 
Although rice importation has been used to address 
supply gap, this approach may not be  sustainable in 
the long term. One potential solution is the promotion 
of alternative staples crops capable of supplementing 
rice consumption. 

Adlay, commonly known as Job’s tears, is a 
tall grain-bearing tropical plant that is a promising 
alternative crop belonging to the family Poaceae. 
It exists in the wild and is also cultivated in East 
Asia, South America, Southeast Asia, and South 
Asia (Jampeetong et al., 2013). In the Philippines, 
it is abundant in Regions IX and X, the Cordillera 
Administrative Region (CAR) and is widely 
cultivated in Zamboanga del Sur as a substitute for 
and complement to rice (Gaitan, 2013). 

Adlay has gained significant attention in the 
Philippines as a highly versatile and valuable 
grain. The Department of Agriculture recognizes  
its potential as a prominent alternative to rice, 
highlighting its resilience and benefits. Adlay is cost-
effective in terms of grain production and serves as 
an  economically viable option for farmers, especially 
when compared with  traditional crops such as  rice 
and corn. Unlike these conventional crops, adlay 
requires fewer inputs including fertilizers and 
pesticides, and needs minimal irrigation (Aradilla, 
2018). Its ability to thrive on marginal lands with 
challenging environmental conditions, along with 
its relative resistance to pests and diseases, further 
enhances its appeal in agricultural systems (Aradilla, 
2016; Gloria et al., 2015). 

Adlay grain is gluten-free, rich in carbohydrates 
and-protein content and has a lower glycemic 
index than rice. Based on studies conducted by the 
Department of Science and Technology - Food and 
Nutrition Research Institute (DOST-FNRI), a 100 g 
serving of adlay contains 73.9 g carbohydrates, 12.8 



Helminthosporium Leaf Spot of Adlay in Mindanao

2   RICE-BASED BIOSYSTEMS JOURNAL (2025) 13: 1-11

g protein, and 1.0 g fat. It also contains essential 
minerals such as  calcium (25 mg), phosphorus (43.5 
mg), iron (5 mg), and notable levels of niacin (4.3 mg), 
thiamine (0.28 mg), and riboflavin (0.19 mg), which 
are higher than those of brown rice (Jover et al., 2020). 

Over the years, studies on adlay’s benefits and 
nutritional content have increased, but research on 
the fungal pathogens associated with this grain crop 
remains limited. Fungal pathogens have a devastating 
impact on global food security, as well as on human 
and animal health (Avery et al., 2019; Fones et al., 
2020). In cereal crops such as wheat, barley, corn, 
oats, and rice, fungal pathogens cause yield losses 
and compromise grain quality, contributing to 
billions of dollars in annual losses and higher costs 
for consumers.      

Therefore, this study was conducted to isolate 
and identify the fungal pathogens associated with 
adlay in major cultivation areas across Mindanao, 
particularly in Regions X, XI, and XII, where the 
crop is extensively grown. By documenting the fungal 
diseases affecting adlay, this research established 
a clearer understanding of pathogen diversity and 
distribution across production sites. Special emphasis 
is given to Helminthosporium sp., a major foliar 
pathogen known to cause leaf spot diseases in cereals 
and grasses, to determine its pathogenicity and 
role in disease development in adlay. Furthermore, 
the study evaluated potential control strategies to 
provide science-based recommendations for disease 
management. In doing so, this research      contributes 
to the limited body of knowledge on adlay pathology 
and  supports the development of effective measures 
to minimize yield losses, ensure sustainable 
production, and strengthen the economic value of 
adlay in Mindanao.

Materials and Methods
Collection Sites

The study was conducted in the Mindanao 
Region, specifically in Regions X (Northern 
Mindanao Integrated Agricultural Research Center 
– NOMIARC, Malaybalay City), XI (Malita, Davao 
Occidental), and XII (North Cotabato – Pinamaton, 
Matalam; New Consolation M’lang; New Culasi, 
Tulunan and South Cotabato – Bololmala, Tupi). 
These regions were selected due to their diverse 
climatic conditions and the known cultivation of 
adlay at  mature and younger stages. The study sites 
were selected based on the prevalence of adlay crops 
and reports of plant diseases affecting these crops. 

Various local farms and agricultural research areas 
were included across Region X, XI, and XII to ensure 
a representative sample of adlay plants.

Sample Collection and Processing

Leaves of adlay plants exhibiting symptoms of 
disease such as leaf spot and leaf blight, were collected 
from different farms in the selected regions. Diseased 
leaves of adlay were classified based on their growth 
stage: mature and younger plants. 

Each plant sample was thoroughly examined 
to identify visible disease symptoms such as leaf 
spots, wilting, discoloration, lesions, and other 
abnormalities. Disease symptoms were documented 
and initial visual assessments were conducted to 
determine the likely disease type based on the 
observed signs. Symptomatic leaf samples were 
placed in paper bags and transported to the laboratory 
for further analysis.

Isolation of Pathogen 

Isolation of fungal pathogens from adlay 
followed  the standard protocol of Al-Jaradi et al. 
(2018). Diseased samples were washed and air-dried. 
Infected portions at the advancing margin of lesions 
were cut using a sterile scalpel and then immersed in 
10% sodium hypochlorite (NaOCl) for 2-3 min. The 
tissue pieces were then transferred to sterile distilled 
water (SDW) for 2-3 min and dried on sterile filter 
paper. The disinfected diseased samples were then 
inoculated onto Potato Dextrose Agar (PDA) plates. 
Plates were incubated in an inverted position at room 
temperature (25±2°C) in the laboratory for 7-10 days. 
Morphologically distinct isolates were subcultured 
to purify and obtain pure isolates. As soon as the 
fungal mycelium grew out of the tissue slice, it was 
transferred to fresh PDA slants for purification and 
culture. 

Pathogenicity Test

Pathogenicity tests followed the procedure 
described by Al-Jaradi et al. (2018). Fungal isolates 
obtained from diseased adlay plants were revived and 
cultured on PDA for seven days at room temperature 
(25 ± 2 °C). Pure cultures were maintained for 
subsequent pathogenicity assays. 

Healthy adlay seedlings were grown in sterilized 
soil in polyethylene bags (12 × 12 inches) under 
greenhouse conditions. Plants were maintained for 
four weeks until they reached the four-leaf stage 
(Figure 1). 
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For inoculum preparation,  fungal isolates were 
grown on PDA for 7–10 days. A conidial suspension 
was prepared by flooding culture plates with 
sterilized distilled water and gently scraping the 
mycelial surface with a sterile loop. The suspension 
was filtered through sterile cheesecloth to remove 
mycelial debris and adjusted to approximately 40,000 
conidia mL-1 using a hemocytometer.      

One-month-old acclimatized seedlings were 
inoculated by spraying the conidial suspension 
(40,000 conidia mL-1) onto test plants using a handheld 
atomizer until runoff. Control plants were sprayed 
with sterile distilled water. After inoculation, plants 
were covered with plastic bags for 48 h to maintain 
high humidity conducive to infection.      

Plants were maintained under greenhouse 
conditions (25 ± 2 °C; 12-h photoperiod), and disease 
symptoms were observed daily for up to 14 days after 
inoculation. The appearance of leaf spots, necrotic 
lesions, and blight was recorded. Fungal isolates that 
induced disease symptoms similar to those observed 
in naturally infected adlay plants were considered 
pathogenic.      

Identification of Fungal Isolates

A. Cultural characterization 

Only confirmed pathogenic isolates were subjected 
to further cultural characterization, including growth 
patterns, colony morphology, and pigmentation 
on different media. Pure cultures of these isolates, 
initially grown on PDA, were subcultured onto 
various selective and differential media, including V8 
juice agar, carrot agar, adlay extract agar, corn meal 
agar, malt extract agar, and water agar.

Morphological characteristics such as mycelial 
color, texture, density, and colony elevation 
were qualitatively assessed. Colony growth was 
quantitatively measured on the sixth day of incubation, 
and spore production was recorded.

B. Morphological characterization

To further characterize the fungal isolate, source 
plants from the pathogenicity test were subjected 
to conventional taxonomic procedures, focusing on 
morphological features of conidia and conidiophores 
observed under a DIC microscope. Additional 
morphological parameters, including conidial 
length, width, and number of septa, were recorded. 
Identification was conducted using the taxonomic key 
of Alexopoulos et al. (1996). Preliminary identification 
was subsequently verified and confirmed by a plant 
pathologist and career scientist.      

Inhibitory Activity of Commercially  
Available Fungicides Against Pathogenic  
Isolates from Adlay

The inhibitory activity of different commercially 
available fungicides was tested against the pathogenic 
fungal isolates via in vitro bioassays arranged in a 
completely randomized design (CRD). Fungicide 
active ingredients, rather than brand names, were 
disclosed; treatments were labeled as T1–T10. Sterile 
distilled water (SDW) served as the negative control, 
while Benomyl, Crop Vaccine with Bialexin, and 
Trianum served as positive controls.

Each treatment was replicated four times. For 
each replicate, 20 mL PDA was supplemented with 
1 mL of the treatment solution. Once the agar had 
solidified, a 6-mm-diameter mycelial disc, excised 

Figure 1. Pathogenicity experimental set-up.
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from a seven-day-old colony of the pathogenic fungal 
isolate, was placed at the center of each PDA plate. 
Plates were incubated at room temperature for 72 h.

After incubation, the diameter zone of growth 
(DZG) of the fungal pathogen was measured (mm). 
Treatment efficacy was interpreted using the scale 
of Alcordo and Dionio (1993): 0–10 mm = Very 
Effective (VE); 11–20 mm = Effective (E); 21–30 
mm = Moderately Effective (ME); and ≥31 mm = 
Not Effective (NE). Data were subjected to analysis 
of variance (ANOVA), and treatment means were 
separated using Tukey’s HSD test at the 1% level of 
significance, using the Statistical Tool for Agricultural 
Research (STAR) software.

Results and Discussion
Collection Sites of Diseased Leaf Samples

Collection sites and land areas of adlay plantations 
are shown in Table 1 and Figure 2A–F. Region XII had 
the largest land area dedicated to adlay cultivation. In 
North Cotabato, adlay was cultivated in Pinamaton, 
Matalam; New Consolation, M’lang; New Culasi, 
Tulunan. In South Cotabato, adlay cultivation was 
observed in Bololmala and Tupi, with areas ranging 
from 0.25 ha (small-scale or garden-level) to more 
than 3 ha (large-scale commercial plantations).      

In Region X, the Northern Mindanao Agricultural 
Research Center (NOMIARC), Malaybalay City, 

cultivated adlay in a small-scale commercial 
plantation. In Region XI, Malita, Davao Occidental, 
had the most extensive adlay cultivation, with  
multiple farmers planting the crop on areas ranging 
from 3 to more than 5 ha. Figure 2G illustrates the 
generated map of the surveyed collection areas. 
Among all surveyed plantations, Malita, Davao 
Occidental, had the largest land area dedicated to 
adlay production, classifying it as a large-scale 
commercial plantation.      

The survey also revealed that ‘Gulian’ was the 
most widely cultivated among the five identified 
adlay varieties: Gulian, Pulot, Mataslay, Kibuwa, and 
Guinampay (Table 1). Adlay cultivation varied across 
Regions X, XI, and XII (Table 1; Figure 2A–G). 
Region XII had the largest overall area, with large-
scale plantations (3.0 ha) in Matalam and Tulunan and 
smaller sites in M’lang and Tupi. Region X had a 1.0-
ha plantation at NOMIARC, Malaybalay City. 

The largest production area was in Malita, Davao 
Occidental (Region XI), with multiple large-scale 
plantations (3–5 ha), indicating strong commercial 
activity. Mapping of sites (Figure 2G) shows 
clustering in Region XII, with Malita as the main 
production hub. Among the five identified varieties, 
Gulian was the most cultivated, suggesting favorable 
agronomic traits or farmer preference. These results 
highlight adlay’s regional expansion and its potential 
for larger-scale production.

Table 1. Collection sites and land areas of adlay commercial productions.

Region/ 
province

Location Cultivation Area (ha)

Bukidnon

     X NOMIARC, Malaybalay City Small scale commercial plantation 1.0

Davao

     XI Malita, Davao Occidental Large scale commercial plantation 3-5

North Cotabato

     XII

Pinamato, Matalam Large scale commercial plantation 3.0

New Consolation, M’lang Garden 0.25

New Culasi, Tulunan Large scale commercial plantation 3.0

South Cotabato

     XII Bololmala Tupi Small scale commercial plantation 1.0
*Note: classification of Adlay cultivation: Garden – less than 1 hectare; Small Scale Commercial Plantation; 1- 2 hectares; Large Scale 
Commercial Plantations – 3 or more hectares.
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List of Fungal Isolates

There were 28 fungal isolates, labeled ACMIso 
F1–F28, obtained from adlay leaf samples (Figure 
3; Table 2). These comprised 15 isolates from leaves 
exhibiting leaf spot symptoms and 13 isolates from 
leaves displaying leaf blight symptoms. Figure 3 
illustrates the fungal isolates recovered from adlay, 
while Table 2 summarizes the collection sites, 
symptomatology, and corresponding adlay cultivars 
associated with each isolate. Leaf spot and leaf 
blight symptoms were common across varieties and 
locations. 

Pathogenicity Test

Pathogenicity tests were conducted to determine 
the ability of fungal isolates to induce symptoms 
in adlay under controlled conditions. Among the 
28 fungal isolates tested, eight (F2, F6, F13, F15, 
F16, F20, F23, and F26) exhibited pathogenicity, as 
evidenced by the development of leaf spot symptoms 
within 3–5 days after inoculation (Figure 4C).

Infected leaves initially exhibited small chlorotic 
spots that later expanded into necrotic lesions with 
well-defined dark brown margins (Figure 4C). 
Symptoms observed under greenhouse conditions 
closely resembled those in naturally infected field 
samples, confirming the role of these isolates as 
causal pathogens (Figures 4A–B).      

In contrast, 20 isolates did not induce disease 
symptoms in inoculated plants, indicating that they 
were non-pathogenic or behaved as endophytes. These 
isolates may play neutral or potentially beneficial 
roles in the plant microbiome, warranting further 

Figure 2. Collection sites of diseased leaf samples: (A) NOMIARC, Malaybalay, Bukidnon, (B) Malita, Davao Occidental, (C) 
Bololmala, Tupi, South Cotabato, (D) Pinamataon, Matalam, (E) New Consolacion, M’lang, (F) New Culasi, Tulunan, (G) Map of 
the collection sites generated using QGIS.

Table 2. Collection sites, symptoms, and cultivars 
corresponding to fungal isolates.

Isolate Symptom/s and Cultivar Location

F1 Leaf spot / Pulot Bololmala, Tupi

F2 Leaf spot / Pulot Bololmala, Tupi

F3 Leaf blight / Tupi Bololmala, Tupi

F4 Leaf blight / Gulian Bololmala, Tupi

F5 Leaf blight / Gulian Bololmala, Tupi

F6 Leaf spot / Gulian Bololmala, Tupi

F7 Leaf blight / Gulian Bololmala, Tupi

F8 Leaf blight / Gulian Bololmala, Tupi

F9 Leaf blight / Kibuwa NOMIARC, Bukidnon

F10 Leaf spot / Kibuwa NOMIARC, Bukidnon

F11 Leaf blight / Kibuwa NOMIARC, Bukidnon

F12 Leaf blight / Kibuwa NOMIARC, Bukidnon

F13 Leaf spot / Kibuwa NOMIARC, Bukidnon

F14 Leaf spot / Kibuwa NOMIARC, Bukidnon

F15 Leaf spot / Gulian Matalam

F16 Leaf spot / Gulian Matalam

F17 Leaf blight / Gulian Matalam

F18 Leaf blight / Gulian Matalam

F19 Leaf spot / Gulian M’lang

F20 Leaf blight / Gulian M’lang

F21 Leaf blight / Gulian M’lang

F22 Leaf blight / Gulian M’lang

F23 Leaf spot / Gulian Tulunan

F24 Leaf spot / Gulian Tulunan 

F25 Leaf spot / Gulian Malita, Davao

F26 Leaf spot / Gulian Malita, Davao

F27 Leaf blight / Gulian Malita, Davao

F28 Leaf blight / Gulian Malita, Davao
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Figure 3. Twenty-eight fungal isolates obtained from diseased adlay leaf collected samples.
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investigation into their ecological functions and 
possible antagonistic properties against pathogenic 
fungi. Confirmation of pathogenicity in selected 
isolates underscores the potential impact of fungal 
infections on adlay cultivation.      

Identification of Fungal Isolates

Cultural characteristics. All pathogenic isolates 
produced leaf spot symptoms in pathogenicity tests. 
On PDA, colonies initially appeared white and later 
became gray with black–grayish margins as they 
matured (Figure 5C). Similar cultural growth was 
observed on V8 juice agar (Figure 5A), carrot agar 
(Figure 5B), adlay extract agar (Figure 5D), corn meal 
agar (Figure 5E), malt extract agar (Figure 5F), and 
water agar (Figure 5G). Because of their similarity, 

only one representative of the eight isolates was 
selected for detailed cultural characterization.      

This representative isolate, obtained from leaf 
spot samples, produced whitish to pale gray, cottony 
mycelium on PDA. It was subsequently cultured 
on six agar media: V8 juice agar, carrot agar, adlay 
extract agar, corn meal agar, malt extract agar, and 
water agar. The isolate showed variation in mycelial 
pigmentation across the media (Figure 5; Table 
3), likely influenced by factors such as nutrient 
composition, pH, substrate type, and environmental 
conditions including temperature, light, and oxygen 
availability (Keller et al., 2005).

On PDA, the fungal isolate initially appeared 
cream to white, gradually transitioning to mouse 

Figure 4. Symptoms of leafspot caused by Helminthosporium sp. on adlay: (A – B) leaf spot symptoms 
on naturally infected adlay in the field; (C.) leaf spot symptoms on infected adlay under greenhouse 
conditions, three days after inoculation.

a. b. c.

Table 3. Cultural characteristics of Helminthosporium sp. grown on different agar media. 

Nutrient Medium Colony Color 
(front)

Colony Color 
(back)

Texture Surface Elevation Margin

V-8 juice agar Mouse gray with 
white margin

Sulphur yellow, 
black

Velvety Smooth Flat Lobate

Carrot agar Pale mouse gray 
with white margin

Straw Fluffy Contoured Raised Undulate

PDA Mouse gray with 
pale mouse gray 
margin 

Black Velvety Smooth Flat Entire

Adlay extract agar Mouse gray Black Felty Smooth Flat Entire

Corn meal agar Fuscous black Gray Wooly Concentric Flat Branching

Malt extract agar Pale mouse gray 
with white margin

Black Velvety Smooth Flat Irregular

Water agar Gray, black Black Wooly Smooth Flat Branching
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Figure 5. Helminthosporium sp. grown on (a) V-8 juice agar, (b) carrot agar, (c) potato dextrose agar, (d) adlay extract agar, (e) 
cornmeal agar, (f) malt extract agar, and (g) water agar.

gray with a black–grayish margin as it matured. This 
progression from white to pale gray during early 
growth to mouse-gray or olivaceous black at maturity 
is a distinguishing feature of Helminthosporium 
spp. associated with melanin production (Ellis, 
1971; Manamgoda et al., 2014). Pigmentation was 
especially pronounced on PDA, where colony 
margins developed a distinct blackish-gray hue over 
time. Melanin synthesis in Helminthosporium spp. 
contributes to stress tolerance and survival under 
adverse environmental conditions (Butler and Day, 
1998). 

The colony texture was cottony, fluffy, and woolly 
at the center, gradually becoming velvety and slightly 
raised at the margins—another diagnostic trait of 
this genus (Ellis, 1971). Cultural characteristics 
across all media are summarized in Table 3. Colony 
growth and spore production were also assessed: the 
isolate showed rapid mycelial expansion, reaching an 
average colony diameter of 84.17 mm after six days of 
incubation at room temperature, and producing 1.6 × 
10³ spores (Table 4). PDA supported both the fastest 
growth and highest sporulation, indicating that it is 
the most suitable medium for laboratory development 
of this pathogen. 

Helminthosporium spp. are widely recognized as 
pathogens of grain crops, having been isolated from 
maize (e.g., H. maydis, causal agent of Maydis leaf 
blight) (Bhavani et al., 2016) and rice (H. oryzae, 
causal agent of brown spot disease) (Elshenawy et 
al., 2018). Their occurrence in cereals highlights 
the agricultural significance of this genus, which 
can cause substantial yield losses under favorable 
conditions. The observed velvety colony texture, 
pigmentation patterns, and growth rate are consistent 
with previous descriptions of Helminthosporium spp. 
(Nayad and Alam, 2024; Jaiganesh and Kannan, 

2019). These morphological traits are key indicators 
for species identification and offer insights into the 
ecological adaptability of the isolate, reinforcing its 
classification within the genus Helminthosporium.      

Morphological Characterization

To confirm the identity of the pre-identified 
Helminthosporium sp., a plant exhibiting leaf 
spots from the pathogenicity test was subjected to 
morphological examination using a DIC microscope. 
This analysis was conducted in collaboration with a 
plant pathologist who provided expert validation of 
the observations.      

Microscopic analysis revealed that conidiophores 
were simple, septate, and bore macroconidia at their 
apical regions (Figures 6B and 6D). Macroconidia 
were elongated, multicellular, and septate (Figures 
6C and 6E). These asexual spores exhibited brown to 
dark brown pigmentation, a characteristic commonly 
associated with Helminthosporium spp. (Ellis, 
1971; Sivanesan, 1987). Morphological variability 
was observed in the conidia, which appeared either 
straight or slightly curved, with 3–14 transverse 
septa. Conidial dimensions ranged from 85 to 238 

Table 4. Colony diameter and spore production of the 
fungal isolate.

Nutrient  
Medium

Colony 
Diametera/ (mm)

Spore 
Production 

V-8 juice agar 68.50 1.6x103

Carrot agar 52.33 6.6x102

PDA 84.17 1.3x103

Adlay extract agar 82.6 2.6x103

Corn meal agar 77.00 3.3x102

Malt extract agar 66.17 6.6x102

Water agar 41.83 3.3x102
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µm in length and 17 to 34 µm in width, as observed 
under the low-power objective (LPO) of a compound 
microscope. 

These characteristics are consistent with 
diagnostic descriptions of Helminthosporium spp., 
which are known for their elongated, multi-septate 
conidia with distinct pigmentation patterns (Alcorn, 
1988; Manamgoda et al., 2014; Jaiganesh and 
Kannan, 2019). Conidial structure and pigmentation 
are critical for fungal taxonomy and pathogenicity, 
influencing spore dispersal, survival, and adaptation 
to environmental stress (Barnett and Hunter, 1998). 
Figures 6A–E illustrate the conidial morphology and 
septation patterns observed under LPO.

To further confirm the fungal identity, the 
symptomatic leaf sample was re-cultured on PDA. 
The resulting colony exhibited the same cultural 
characteristics as the original isolate, reinforcing the 
identification of the organism as Helminthosporium 
sp. Although no molecular sequencing was conducted, 
the combination of pathogenicity tests, cultural traits, 
and morphological features provides strong evidence 
for classification within this genus, consistent with 
classical taxonomic keys (Ellis, 1971; Sivanesan, 
1987).

Taken together, the pathogenicity test results 
(Figures 3–4), cultural characterization (Figure 5; 
Tables 3–4), and microscopic features (Figure 6) 

confirm the identity of the pathogenic isolates as 
Helminthosporium sp. Their high sporulation capacity 
and pigmentation suggest ecological adaptability, 
which may contribute to disease persistence and 
spread in adlay cultivation areas in Mindanao. This 
highlights their significance as causal pathogens in 
regions where adlay is widely grown.

	 Inhibitory Efficacy of Different Commercially 
Available Fungicides Against Helminthosporium 
sp. 

The efficacy of various fungicide treatments in 
inhibiting Helminthosporium sp. was assessed by 
measuring the DZG. Table 5 presents the different 
treatments, active ingredients, controls, and their 
corresponding DZG values and degree of efficacy 
(DE) used in the inhibitory activity assay.

SDW, used as the negative control, exhibited 
the largest DZG at 40.69mm and was rated as 
NE, confirming its lack of inhibitory activity. In 
contrast, the positive control Benomyl showed the 
highest antifungal effect, with a minimal DZG of 
0.12mm classified as VE, signifying almost complete 
suppression of Helminthosporium sp. growth. 

Among the experimental treatments, T8 (B. 
subtilis strain QST 713) achieved the lowest mean DZG 
(9.31mm) among the test formulations, statistically 
grouping with Benomyl (0.12mm) but significantly 

Figure 6. Helminthosporium sp., under 400x (a), conidia attached to conidiophore (b), septation of 
the conidiophore (c-d) and under 1000x (C–E).

a. b.

c. d.

e.
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different from all moderately effective treatments. 
This indicates that T8 was the most effective bio-based 
treatment      with activity comparable to the chemical 
check. Treatments T5 (Tea tree extract, 10.56mm), 
T7 (B. amyloliquefaciens D-203, 10.62mm), and 
T10 (B. amyloliquefaciens + biopesticide, 10.69mm) 
clustered within the same statistical group (letter 
“d”), confirming their equivalence in efficacy to T8 
and Crop Vaccine with Bialexin (11.19mm).

Other treatments, including T2, T3, T4, T6, 
and Trianum (positive control), recorded DZGs 
between 13.25 and 16.25mm (letters “bcd”), which 
were statistically less effective than T8 but still 
significantly more effective than T1 (22.69mm) and 
T9 (20.94mm). The latter two treatments were rated 
as ME and statistically grouped closer to the negative 
control, reflecting weaker inhibition. 

ANOVA confirmed significant differences among 
treatments (P < 0.01) and Tukey’s HSD test separated 
the means into distinct efficacy groups. Overall, the 
data demonstrate that bio-based products formulated 
with Bacillus spp. (T7, T8, T10) were statistically 
among the most effective treatments, with T8 (B. 
subtilis strain QST 713) showing activity comparable 
to the chemical fungicide Benomyl. 

The observed variability in antifungal activity 
may be attributed to the distinct modes of action of 
each active ingredient. The most effective treatments 
likely disrupted fungal cell wall integrity, inhibited 
spore germination, or interfered with key metabolic 
pathways essential for fungal growth and survival 
(Barnett and Hunter, 1998). In particular, B. 

subtilis, may exhibit antifungal activity through the 
production of membrane-active lipopeptides (e.g., 
iturins, fengycins, bacillomycins, and the recently 
characterized AF3), which destabilize fungal cell 
membranes, increase permeability, induce oxidative 
stress, and ultimately trigger apoptosis in fungal cells 
(Ramesh et al., 2024). 

Conclusion and Recommendations
This study confirmed Helminthosporium sp. 

as a fungal pathogen affecting adlay in Mindanao, 
Philippines. Of 28 fungal isolates recovered from 
symptomatic leaves, eight were pathogenic, exhibiting 
uniform cultural characteristics and inducing similar 
leaf spot symptoms. A representative isolate was 
further characterized, showing colony pigmentation, 
texture, and growth patterns consistent with 
Helminthosporium species. Microscopic examination 
using DIC microscopy revealed septate conidiophores 
and multi-septate, pigmented conidia.

Pathogenicity tests confirmed the isolate’s role 
in disease development. In-vitro bioassays identified 
a fungicide containing B. subtilis strain QST 713 as 
the most effective inhibitor, highlighting its potential 
as a biological control agent. These findings provide 
essential baseline data for fungal disease management 
in adlay.

Effective management of Helminthosporium sp. 
requires an integrated approach combining biological, 
cultural, and chemical strategies. Further research 
should focus on resistant cultivars, optimized crop 
rotation, field validation of B. subtilis QST 713, and 

Table 5. The different treatments, active ingredients, controls, and their corresponding (DZG) Diameter 
Zone of Growth values and (DE) Degrees of efficacy `used in the inhibitory activity assay.

Fungicide Active Ingredient DZGa/ (mm) DEb/

T1 Seaweed extract 22.69b ME

T2 Beneficial microorganisms, natural antibiosis  
and plant/botanical extract

15.06bcd E

T3 Vegetable, herb and fruit trees extract. Amino acids, 
lignins, saponins and chrysoponic acid

13.25cd E

T4 Lactic acid bacteria 15.88bcd E

T5 Tea tree (Melaleuca alternifolia) Extract 10.56d E

T6 Effective microorganisms and decomposers 13.44cd E

T7 Bacillus amyloliquefaciens D-203 10.62d E

T8 Bacillus subtilis QST 713 9.31d VE

T9 Effective microorganisms 20.94bc ME

T10 Bacillus amyloliquefaciens + biopesticide 10.69d E

Control

Positive Benomyl 0.12e VE

Positive Crop Vaccine with Bialexin 11.19d E

Positive Trianum 16.25bcd E

Negative Sterile Distilled Water 40.69a NE
*a/ Means in column followed by common letter superscript are not significantly different at 1% level, Tukey’s Test. 
*b/ Degree of efficacy: VE = Very Effective; E = Effective; ME = Moderately Effective; NE = Not Effective.
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molecular techniques to confirm species identity 
and assess genetic diversity. Promoting farmer 
awareness, early disease detection, and regular 
pathogen surveillance will support sustainable adlay 
production, reduce crop losses, and ensure the crop’s 
long-term viability.
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Abstract
This study examined the stages of change associated with the uptake of key messages from the PalayCheck 

Primer among Farmer Field School (FFS) graduates in Bayambang, Pangasinan. Guided by the Transtheoretical 
Model, six stages were assessed: Pre-contemplation, Contemplation, Preparation, Action, Maintenance, and 
Termination. Of the 38 participants, nine were in the Pre-contemplation stage, continuing with traditional 
practices due to persistent habits, visual impairment, or transfer of farm responsibilities to family members. 
Two farmers were in the Contemplation stage, expressing willingness to adopt the primer’s recommendations 
once the next planting season begins. The majority (27) were in the Action stage, having implemented at least 
one PalayCheck recommendation. Only recommendations on variety and seed selection and crop establishment 
enabled farmers to reach the Maintenance stage. Regular meetings of the RiceBIS Bayambang Agricultural 
Cooperative appeared to support sustained adoption by facilitating collective planning and access to free certified 
inbred seeds. No participants were identified in the Preparation or Termination stages. Findings highlight the 
importance of understanding farmers’ readiness for change when designing or delivering extension interventions. 
Farmers also suggested improvements to the primer such as versions tailored for rainfed areas, larger text and 
images, and additional content on pest management and safe pesticide use. By focusing on how FFS graduates 
learned and applied the PalayCheck recommendations, rather than merely documenting the primer’s benefits, 
this study underscores the need to align extension materials with farmers’ capacities, production contexts, and 
stage of readiness for behavioral change. 
Keywords: feedback from farmers, interventions, Palaycheck primer, transtheoretical model of change

frequent fertilizer splitting, and increased training 
and education for farmers.

Numerous development interventions have 
been implemented to enhance farmers’ uptake of 
technologies aimed at increasing yields and reducing 
production costs. These interventions have been 
evaluated primarily in terms of effectiveness and 
outcomes. The literature identifies several factors 
that influence behavior change, including farmers’ 
preferences for accessing information based on time 
availability, farm activities, and needs (Layaoen, 
2016; Manalo et al., 2022); the effectiveness of 
peer-based learning in enhancing participation and 
reinforcing knowledge application (Devaraj et al., 
2020; Hwang and Chang, 2016; Palis, 2006); and the 
importance of materials being clear, complete, and 
easy to understand (Layaoen, 2016; Manalo et al., 
2022; Relado, 2008; Sisteberio, 2001; Tanzo et al., 
2009). 	

While the effectiveness of interventions has 
been studied extensively, there has been limited 
exploration of the dynamic process of change that 
farmers undergo—from having no intention to 
adopt technologies to becoming fully equipped and 

Introduction
In the late 1970s, the Philippines was a marginal 

exporter of rice (USDA, 2016). The rapid growth in 
rice production during this period has been attributed 
to the widespread adoption of modern rice varieties, 
as noted in a chapter of Competitiveness of Philippine 
Rice in Asia. However, from the mid-1980s to the 
late 1990s, growth in rice production stalled, and the 
Philippines became a marginal rice importer (Bordey 
and Castañeda, 2011). In 2023, Filipino rice farmers 
made history by producing more than 20 Mmt (million 
metric tons) of palay. Despite this achievement, rice 
remains expensive and unaffordable for many poor 
Filipinos, with regular milled rice costing an average 
of 0.75 USD/kg. This indicates that, despite production 
gains, the country remains far from achieving rice 
security. High palay production costs contribute 
significantly to elevated rice prices. To produce 1 kg 
of palay, Filipino farmers spend 0.22 USD, whereas 
farmers in Vietnam, Thailand, and India spend only 
0.12, 0.16, and 0.16 USD, respectively (Moya et al., 
2016). To reduce production costs and improve 
competitiveness, Bordey et al. (2016) recommended 
strategies such as the use of hybrid seeds, more 
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competitive rice farmers. Understanding this process 
is crucial for identifying barriers that prevent farmers 
from adopting technological interventions and for 
tailoring support accordingly. 

Farmers pass through distinct stages before 
adopting a technology. This study aimed to assess 
the stages of change in the uptake of the PalayCheck 
Primer’s key messages using the Transtheoretical 
Model of Change (TTM). By examining the 
experiences of Farmer Field School (FFS) graduates 
in Bayambang, Pangasinan, the study sought to (1) 
describe their stages of change in relation to specific 
PalayCheck recommendations and (2) gather feedback 
on how to enhance the uptake of the PalayCheck 
Primer’s key messages. In doing so, it recognizes 
that farmers significantly contribute to the design and 
improvement of extension materials by bringing their 
own perspectives (David and Cobbah, 2008). 

The PalayCheck Primer is one of the knowledge 
products produced by Philippine Rice Research 
Institute (PhilRice) in Filipino. It was primarily 
developed for irrigated lowland farms and serves 
as a guide for rice farmers in applying the Key 
Checks. Each Key Check consists of several parts: 
(1) Crop Management Area, which identifies the 
focus; (2) Importance, which highlights its role in 
achieving optimal yield; (3) Assessment, which 
evaluates whether the Key Check has been met; and 
(4) Recommendation, which details the practices 
required to fulfill it. The PalayCheck system 
itself is an integrated crop management approach 
that provides recommendations based on best 
management practices tailored to specific agro-
ecological conditions. Distribution of the PalayCheck 
Primer forms part of PhilRice’s extension services 
and is intended to equip farmers with the knowledge 
and skills necessary to improve farming practices. 
Through print media such as the PalayCheck Primer, 
PhilRice reinforces knowledge gained from training, 
recognizing the vital role of communication in 
agricultural and rural development. 

Materials and Methods
This study employed a qualitative approach, 

aligned with the objectives of exploring the stages 
of change among farmer-participants in the uptake 
of the PalayCheck Primer’s key messages and 
gathering feedback to enhance adoption. Qualitative 
research focuses on understanding the why, how, 
and processes involved, as well as the influences and 
context shaping the phenomenon of interest. It seeks 
a contextualized understanding of behaviors, beliefs, 
and motivations (Hennink et al., 2020). Given the 
paucity of similar studies at PhilRice or in comparable 
research organizations, a qualitative approach is well-
justified. 

The study was guided by key concepts from 
the Transtheoretical Model of Change (TTM), also 
known as the Stages of Change Model (DiClemente 
et al., 2015). The TTM explains how behavior 
change occurs over time and is characterized by six 
stages: (1) Pre-contemplation, (2) Contemplation, 
(3) Preparation, (4) Action, (5) Maintenance, and (6) 
Termination. 

According to DiClemente et al. (2015), Pre-
contemplation is the stage in which people do not 
intend to make a change in the near future (often 
defined as the next six months). Contemplation is the 
stage where people intend to change within the next 
six months and are aware of both the pros and cons 
of changing. Preparation represents the stage where 
people have a plan of action and intend to take action 
in the immediate future (within a month). Action is 
the stage in which people make the behavior change, 
and Maintenance is the stage where they work to 
prevent relapse. Termination represents the stage 
where individuals have complete self-efficacy and no 
temptation to revert to previous behavior. 

Prochaska and DiClemente (1997) conceptualize 
behavior change as a process involving progression 
through these stages. Movement from one stage 
to another is variable, and individuals may regress 
to earlier stages before eventually progressing to 
Maintenance or Termination. Specific interventions 
are required to reduce resistance, facilitate progress, 
and prevent relapse. 

In this study, Pre-contemplation referred to 
farmers who owned or had been given the Primer 
but had not read it or had no expressed intention of 
using its recommendations. Contemplation described 
farmers who acknowledged the relevance of the 
Primer. Farmers in this stage are aware of the pros 
of changing but also can identify the cons. In this 
stage, the farmer is intending to change within the 
next six months. Action referred to farmers who had 
already implemented at least one recommendation 
from the Primer, such as using certified inbred 
seeds, following the recommended seeding rate, or 
practicing synchronous planting. Maintenance was 
defined as sustained and consistent practice of the 
recommendations over several cropping seasons, 
such as repeated use of certified seeds or regular 
coordination with other farmers for synchronous 
planting. Maintenance represents the stage where 
people work to prevent relapse. There were no research 
participants under the Preparation and Termination 
stages. Preparation stage is defined as the phase 
where individuals are seriously considering changing 
their behavior within the next month. The absence 
of participants in this stage is due to none of them 
indicating that they were seriously contemplating 
behavior change within the next month. Similarly, no 
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farmer-participants were found in the Termination 
stage, which Prochaska and Velicer (1997) described 
as the phase where individuals have maintained 
their behavior for more than five years, possessed 
100% self-efficacy in sustaining the behavior, and 
experienced 0% temptation to revert to the undesired 
behavior. The PalayCheck Primer was distributed in 
2020 to FFS graduates in Bayambang, Pangasinan. 
Given this timeframe, no farmer-participants could 
yet qualify for the Termination stage. 

Individual interviews and field observations 
provided the basis for assigning participants to stages. 
Of the 38 farmers, nine were classified as being in Pre-
contemplation, as they either did not read the Primer or 
continued to rely on traditional methods. Two farmers 
were in Contemplation, expressing willingness to try 
recommendations in the next season. None were in 
the Preparation stage. The majority (27 farmers) were 
in Action, applying at least one recommendation 
from the Primer. A subset of these farmers reached 
Maintenance in relation to specific practices, such as 
seed selection and crop establishment. No farmers 
were classified in Termination. These assignments 
indicate that the TTM framework effectively 
captured farmers’ progression from mere awareness 
of the Primer to observable behavior change in their 
farming practices. 

A case study design was used to investigate the 
experiences of FFS graduates from Bayambang, 
Pangasinan. Bayambang was chosen because rice is 
one of its primary sources of livelihood, alongside 
corn, onion, and vegetables. The municipality is the 
fourth-largest rice-producing municipality in the 
province, with 7,702 ha dedicated to rice cultivation, 
yet it is ranked as the second-lowest-yielding 
municipality in District 3 of Pangasinan, with an 
average yield of only 3.44 t ha-1. This stark contrast 
provides a compelling backdrop for examining 
technology uptake.

Bayambang is also one of PhilRice’s project 
sites where farmers have undergone training on 
rice production. Many farmers in this municipality 
received copies of the PalayCheck Primer. 
The study was conducted to evaluate farmer-
participants’ perceptions regarding the Primer’s 
comprehensiveness, understandability, readability, 
and usefulness.

Case studies seek in-depth understanding of 
phenomena in real-life contexts (Dobson, 1999). 
This approach is relevant because it allows detailed 
exploration of farmers’ dynamic change processes. It 
also enables the collection of rich feedback on how to 
enhance uptake of the PalayCheck Primer to better 
tailor future interventions and support strategies. 

In this research, individual interviews with 38 
participants and field observations were conducted. 
Seidman (2013) explains that semi-structured, 
conversational interviews allow flexible and open-
ended discussion, enabling the interviewer to explore 
topics in greater depth and follow emerging themes. 
Such interviews support natural dialogue and can 
reveal insights not easily captured through structured 
surveys (Kvale, 1996). 

A structured interview guide was used, 
focusing on the influence of the PalayCheck Primer 
on participants decisions to try and/or adopt the 
technologies, as well as their feedback on improving 
the uptake of key messages. The guide was also 
designed to identify which stage of change each 
participant reflected the Transtheoretical Model.

Additional questions solicited suggestions to 
improve content, readability, and contextual relevance. 
Since one-on-one interviews were employed, 
participants were able to express themselves freely 
and without hesitation. 

Results and Discussion
This section is composed of two parts. The first 

examines the stages of change in the uptake of the 
PalayCheck Primer’s key messages. The second 
presents farmers’ feedback on how uptake could be 
enhanced.   

Participant Profile

The 38 FFS graduates (24 male, 14 female) who 
participated in the study were all members of the 
RiceBIS Bayambang Agricultural Cooperative. They 
differed in age, education, and farming background. 
Ages ranged from 15–24 years to above 65 years, 
with most belonging to the 55–64 age group. In 
terms of educational attainment, six participants 
had completed elementary education, 24 reached the 
secondary level, five attained college-level education, 
and three completed vocational courses. With respect 
to civil status, 32 were married, two were single, and 
four were widowed.

Farming experience also varied. Twenty-one had 
been engaged in farming for more than 31 years, five 
for 21–30 years, six for 11–20 years, and six for less 
than 10 years. In terms of landholding, 20 farmers 
owned 1–5 ha, while 18 cultivated less than 1 ha. 
Seventeen were landowners, 12 were share-tenants, 
and 12 both owned land and engaged in share-tenancy. 
Regarding farming environments, 11 participants 
managed irrigated farms, 14 cultivated rainfed 
farms, and 13 operated both irrigated and rainfed 
areas. Twenty-seven participants reported additional 
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sources of income, including running sari-sari stores, 
vending, vegetable production, and tricycle driving.

This study was limited to assessing knowledge 
and learning derived from the PalayCheck Primer. 
It is recognized, however, that farmer training may 
also contribute to learning, making it difficult to 
fully disentangle knowledge gained from the Primer 
from that reinforced by training and other extension 
activities. During interviews, participants were 
consistently reminded to base their responses on what 
they had learned from the Primer.

Stages of Change in the Uptake of PalayCheck 
Primer Key Messages

Farmers in Pre-contemplation and Contemplation. 
Pre-contemplation is the stage where individuals are 
unprepared to change their current behavior, while 
Contemplation is when individuals have considered 
taking action. Among the 38 participants who 
received the PalayCheck Primer, 11 reported that 
they had not read it. Of these, nine were classified as 
being in Pre-contemplation. They were not ready to 
adopt changes, inclined to continue using traditional 
practices, visually impaired, unable to recall content, 
or had transferred farm responsibilities to family 
members. Two participants were in Contemplation, 
aware of the Primer’s existence and potential benefits 
but recalling its content only during the planting 
season.

These findings (Table 1) align with Velicer et 
al. (1998), who reported that individuals in Pre-

contemplation do not intend to take action in the 
foreseeable future and may be uninformed or under-
informed about the consequences of their current 
behavior. Similarly, farmer-participants in this study 
had not yet engaged with information that could 
improve their farming practices. Visual impairment 
also emerged as a concern, as some participants found 
the Primer difficult to read due to small print, which 
may have discouraged them from using it. Doak et 
al. (1985) note that readability issues can discourage 
readers and impede learning, while Taylor (2012) 
emphasizes readability as a crucial starting point for 
message comprehension.

Some farmers indicated that they no longer felt 
the need to read the Primer because they had passed 
farming responsibilities on to their children. Although 
Conway (2022) highlights how generational renewal 
can affect older farmers’ mental health and well-
being, such issues were not prominent in this study. 
Even so, Conway’s recommendation to implement 
farmer-sensitive actions at policy and societal levels 
remains relevant for easing fears and anxieties 
associated with retirement from farming.

Other farmers reported that they did not read the 
Primer because they preferred traditional methods 
over recommended technologies. This aligns with 
Truong and Ngoc (2008), who found that farmers 
often remain attached to traditional practices due to 
concerns that unfamiliar technologies may reduce 
yields or be unsuitable for their conditions. They 
also observed that perception and education level 

Table 1. Farmer-participants in pre-contemplation and contemplation stages.

Stages of Change Number of 
Responses

Research Participants Examples

Pre-contemplation 9 Farmer 18
Age: Over 65; Sex: F
Educational Attainment: HS

I just don’t remember anything. I didn’t read 
that, ma’am.

    Farmer 26
Age: 55-64; Sex: F
Educational Attainment: Elem

I don’t remember, ma’am, but I have a copy of 
that set aside, ma’am. I have it, ma’am, but I 
just can’t remember anymore.

    Farmer 32
Age: 55-64; Sex: M
Educational Attainment: HS

I haven’t yet, ma’am, because my vision is a 
bit blurry.

    Farmer 5
Age: 55-64; Sex: M
Educational Attainment: HS

We don’t read it, ma’am; we actually do the 
traditional way.

    Farmer 21
Age: Over 65; Sex: F
Educational Attainment: Elem

I don’t remember, ma’am. It’s my children who 
are working now because our fields are next 
to each other.

Contemplation 2 Farmer 24
Age: 55-64; Sex: F
Educational Attainment: Elem

I know that will help.

    Farmer 20
Age: 55-64; Sex: M
Educational Attainment: HS

So for now, not yet, because it’s not planting 
season.



Uptake of PalayCheck Messages

RICE-BASED BIOSYSTEMS JOURNAL (2025) 13: 13-22  17

significantly influence technology adoption—a 
relevant point given that most participants in this 
study had only secondary education or below.

Participants in Contemplation were aware of 
the pros and cons of change and intended to make 
changes within the next six months (Velicer et 
al., 1998). Although these farmers recognized the 
benefits of the PalayCheck Primer, they had not yet 
applied its recommendations because they did not 
need the information at that time. They mentioned 
that they planned to read and apply the content during 
the planting season. This behavior is consistent with 
the findings of Manalo et al. (2022), who reported that 
farmers’ interest in reading materials is shaped by time 
availability, farm activities, and immediate needs. It 
also aligns with Layaoen (2016), who observed that 
farmers accessed information on climate change and 
rice production based on specific needs, especially 
during extreme weather conditions.

Farmers in the  Action Stage     

The Action stage occurs when individuals have 
taken observable steps toward behavior change. 
Of the 38 participants, 27 reported that they had 
implemented at least one recommendation from the 
PalayCheck Primer.

The most commonly adopted recommendations 
were use of certified seeds and field leveling (Figure 
1). Adoption of certified seeds can be attributed 
not only to learning from the Primer but also to 
the support provided by the Rice Competitiveness 
Enhancement Fund (RCEF) through free certified 
inbred seeds. As members of the RiceBIS Bayambang 
Agricultural Cooperative, many participants regularly 
attended meetings to plan planting schedules and 
coordinate seed distribution. This consistent access 
to certified seeds, combined with cooperative 

structures, reinforced adherence to PalayCheck 
recommendations on variety and seed selection and 
crop establishment.

The second most adopted set of recommendations 
related to the correct amount, element, and timing 
of nutrient application. The third was application of 
pesticides only when necessary and conservation 
of beneficial organisms. The fourth was adoption 
of the recommended planting distance. The least 
adopted recommendations were those related to 
water, harvest, and post-production management. 
Each farmer classified in Action applied at least one 
recommendation, but none fully implemented all 
recommendations specified in the Primer.

Importantly, the stages of adoption in this study 
refer to the uptake of specific recommendations rather 
than comprehensive adoption of all Key Checks. While 
many farmers practiced variety and seed selection 
(e.g., shifting to certified inbred seeds, following 
recommended seeding rates and planting distances), 
fewer consistently followed recommendations related 
to water, pest, and nutrient management, and very few 
applied harvest and postharvest recommendations. 
Adoption was thus selective and often concentrated on 
practices that were easier to implement, more visible, 
or strongly reinforced by cooperative activities such 
as synchronous planting.

Each Key Check includes an assessment step to 
help farmers determine whether proper management 
was achieved. However, findings suggest that most 
farmers did not systematically apply these assessment 
procedures as outlined. Instead, they relied on 
observable field outcomes (e.g., better germination, 
reduced weed pressure, higher yields) rather than 
structured assessments. This indicates that while the 
Primer influenced behavior, its diagnostic function 
was underutilized.

Figure 1. Uptake of Palaycheck recommendations.
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Participants also contextualized their adoption 
of other Key Checks. Some stated that nutrient 
management recommendations were easier to adopt 
because they could be integrated into existing practices 
and could be linked to visible improvements in crop 
growth. Others reported that applying pesticides only 
when necessary and conserving beneficial organisms 
helped reduce costs and was therefore practical. 
Adopting recommended planting distances was 
justified as a way to obtain healthier seedlings and 
better yield potential. In contrast, water, harvest, and 
post-production recommendations were least adopted, 
largely due to limited irrigation facilities, lack of 
postharvest equipment, and perceived mismatch of 
recommendations with rainfed conditions.

These narratives show that farmers weighed 
PalayCheck recommendations against their 
own contexts. Behavior change occurred where 
recommendations were supported by enabling 
conditions such as access to inputs, cooperative 
support, and visible benefits while adoption was 
constrained where contextual barriers persisted.

Voas (2014) defines behavior as the expression of 
action. Although behavior change is often equated 
with action, Prochaska and Velicer (1997) emphasize 
that Action is only one of six TTM stages and does 
not yet represent complete behavior change. True 
behavior change occurs when individuals move 
beyond Action and sustain new practices over time.

Farmers in the Maintenance Stage      

Nineteen participants (50%) had reached the 
Maintenance stage with respect to variety and seed 
selection and crop establishment recommendations 
(Figure 2). Maintenance occurs when continuous 
effort is required to sustain behavior. Patten et 

al. (2000) describe this stage as the phase where 
individuals work to sustain gains made during Action, 
while Velicer et al. (1998) characterize it as the phase 
where individuals actively work to prevent relapse. 

Most participants regularly attended RiceBIS 
cooperative meetings to plan planting schedules and 
organize distribution of free certified seeds in their 
communities. This ongoing participation likely helped 
them avoid regression from Maintenance to earlier 
stages by reinforcing adherence to recommendations 
on variety and seed selection and crop establishment.

High-quality seeds such as certified inbred seeds 
are pure, contain fewer weed seeds, are free from 
visible seed-borne diseases, are full and uniform 
in size, and have at least 85% germination. The 
use of quality seeds combined with proper crop 
management can result in a 10% or more increase in 
yield. Technologies adopted under crop establishment 
included synchronous planting, recommended 
seeding rate, and recommended planting distance. 
Synchronous planting—planting within 14 days 
before or 14 days after the common planting 
schedule—allows the field to rest for at least 30 days, 
breaking insect pest cycles whose average life cycle 
is about 30 days. Recommended spacing (e.g., 20 
× 20 cm) provides sufficient room for seedlings to 
grow, produce productive tillers, and increase yield 
potential.

Only four participants reported both using free 
seeds and purchasing certified seeds from the market. 
The relatively low rate of purchasing behavior is 
consistent with Sirutyte (2017), who found that even 
when knowledge of certified seeds increased through 
interventions, willingness to pay did not necessarily 
change significantly. This suggests that awareness of 
benefits, as highlighted in the PalayCheck Primer, 

Figure 2. Farmer-participants reaching maintenance stage on variety and seed selection and crop 
establishment recommendations from the Palaycheck primer.
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Table 2: Participants who used certified inbred seeds, practiced synchronous planting, and followed the recommended 
planting distance.

Crop  
Management 

Number of 
Responses

Research Participants Examples

Synchronous 
planting

1 Farmer 17
Age: 25-54; Sex: M
Educational Attainment: HS

We are now keeping up with the planting 
schedule. Without seeds, we wouldn’t be able to 
plant. So now we have organized ourselves, and a 
schedule when to plant. We can now keep up because 
of the availability of seeds and water. We have regular 
meetings to ensure we plant at the right time.

Seeding rate at  
40 kg/ha

1 Farmer 19
Age: Over 65; Sex: M
Educational Attainment: HS

Previously around 60 kg. Now it’s about 40 kg per 
hectare.

Recommended 
planting distance

4 Farmer 1
Age: 15-24; Sex: F
Educational Attainment: 
College

Before, planting was done manually and seeds 
were seeded, but now there is knowledge about 
measurements and it’s no longer just estimations like 
before.

    Farmer 33
Age: 25-54; Sex: F
Educational Attainment: HS

There was no distance before, ma’am, we just seed it 
directly. Now, it’s measured using a ruler.

    Farmer 23
Age: Over 65; Sex: M
Educational Attainment: HS

We first eliminate the weeds, and practice 
recommended planting distance.

Use of certified 
inbred seeds

13 Farmer 19
Age: Over 65; Sex: M
Educational Attainment: HS

I have tried the recommendation on seed selection, 
and it is effective. I first tried NSIC Rc 216.

    Farmer 7
Age: Over 65; Sex: F
Educational Attainment: 
Elem

Now, we use certified seeds. Before, when there 
were no certified seeds, we stored farm-saved seeds 
ourselves, but now we use certified seeds.

    Farmer 38
Age: 55-64; Sex: F
Educational Attainment: 
Elem

Before, as long as the seeds performed well, we kept 
planting them. But not anymore; we use high-quality 
seeds such as 380 and 216. Now, we are using 480.

    Farmer 4
Age: 25-54; Sex: M
Educational Attainment: 
College

Before, we use farm-saved seeds, but now the seeds 
we get are certified and come from the coop.

    Farmer 17
Age: 25-54; Sex: M
Educational Attainment: 
College

Before, we planted whatever we harvested. Now, we 
use high-quality seeds, and the RCEF provides free 
certified seeds.

    Farmer 3
Age: 55-64; Sex: M
Educational Attainment: HS

Before, we used to store seeds ourselves; now we are 
given high-quality seeds.

Farmer 14
Age: 55-64; Sex: F
Educational Attainment: HS

Before, we used to rely on what we harvested, but not 
anymore. Now, we use high quality seeds. Now we 
do buy seeds because sometimes what they [RCEF] 
provide is not enough. I have bought some seeds 
[NSIC Rc] 216 and Rc 180.

Farmer 27
Age: Over 65; Sex: M
Educational Attainment: HS

Before, we use farm-saved seeds; now, we buy 
certified seeds.

Farmer 10
Age: 55-64; Sex: F
Educational Attainment: HS
Age: 55-64; Sex: M
Educational Attainment: HS

Before, we plant farm-saved seeds; now, we buy 
certified seeds.

Farmer 31
Age: 25-54; Sex: M
Educational Attainment: 
College

Before, we would save some seeds after the harvest; 
now, we buy certified seeds.
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does not automatically translate into increased 
market-based uptake.

No participants were classified in the Preparation 
or Termination stages. Preparation is the phase where 
individuals seriously consider behavior change 
within the next month. The absence of farmers in 
this stage reflects the fact that none indicated such 
an imminent intention. Similarly, no participants met 
the Termination criteria described by Prochaska and 
Velicer (1997), which require maintaining behavior 
for more than five years, complete self-efficacy, 
and no temptation to revert. Since the PalayCheck 
Primer was distributed only in 2020, the five-year 
requirement could not yet be met. 

Feedback to Enhance Uptake of the 
PalayCheck Primer’s Key Messages

Farmer-participants provided several suggestions 
to improve the PalayCheck Primer (Figure 3). They 
recommended producing a version suitable for rainfed 
areas and emphasized the need to highlight important 
information by enlarging text and images for easier 
reading. They also suggested including more detailed 
guidance on pest management, increasing beneficial 
organisms, and coping with sudden drought or La 
Niña events. Additionally, they requested information 
on the implications of excessive chemical use on rice, 
human health, and the environment, and wanted the 
Primer to clearly stress that producing high-quality 
rice can lead to increased income. 

Interview transcripts were analyzed using 
thematic analysis (Braun and Clarke, 2006). 

Results were then entered into a word cloud 
generator (https://www.wordclouds.com) to visually 
represent farmers’ suggestions. In the word cloud, 
larger words indicated more frequently mentioned 
suggestions. The word cloud was used as a creative 
visualization tool rather than as a formal analytical 
method. Figure 3 shows the key suggestions for 
improving the uptake of PalayCheck Primer 
key messages. The most frequently suggested 
addition was a PalayCheck version for rainfed rice 
(PalayCheck para sa Sahod-Ulan), reflecting the 
fact that many participants cultivated rainfed fields. 
This is consistent with Mariano et al. (2012), who 
found that technology choice largely depends on 
environmental suitability and that understanding 
farmer characteristics and production conditions is 
essential before disseminating technologies at scale. 
They emphasize the importance of baseline surveys 
to match technologies with farmer characteristics 
and agro-ecological conditions, thereby reducing 
diffusion costs and adoption constraints. Chaka 
(2003) similarly concluded that information must be 
tailored to specific audiences for it to be effective. 
Mentions of specific information needs such as 
increasing beneficial organisms and controlling 
pests underscore the importance of contextualized 
information. Glendenning et al. (2010) recommend 
including context-specific, relevant information 
when designing extension approaches, rather than 
relying solely on generic messages. Some of the 
farmer-participants also suggested improving font 
size and images to make the Primer easier to read and 
understand. This aligns with Kassem et al. (2017), 

Figure 3: Suggestions for improving the uptake of PalayCheck primer key message.
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who found that improving readability of extension 
pamphlets significantly enhanced farmers’ knowledge 
and adoption of agricultural practices. Taylor (2012) 
also emphasizes that readability is a crucial starting 
point for comprehension. While Chaka (2003) notes 
that reading is essential for agricultural literacy, he 
also highlights that it is only one of several factors 
that contribute to understanding. 

Conclusion and Recommendations
 Farmers undergo distinct stages before adopting 

new technologies. Examining the stages of change 
among FFS graduates in Bayambang, Pangasinan, 
in relation to the PalayCheck Primer’s key messages 
using the Transtheoretical Model helps clarify where 
they are in the change process and how interventions 
can be better aligned with their readiness. Most 
participants demonstrated behavior change by 
adopting practices such as using certified seeds, 
practicing synchronous planting, applying the correct 
amount and timing of nutrients, observing proper 
planting distance, and using pesticides only when 
necessary. With support from their cooperative and 
access to RCEF-distributed seeds, some farmers 
reached the Maintenance stage in variety and 
seed selection and crop establishment. However, 
progression to higher stages of adoption was hindered 
by reliance on traditional practices, poor eyesight 
that limited reading of the Primer, generational 
transfer of responsibilities, seasonal dependence in 
recalling information, limited applicability of some 
recommendations to rainfed conditions, and lack of 
detailed guidance on pest management. As a result, 
many farmers remained in Pre-contemplation or 
Action rather than advancing further. Of the 38 
participants, nine were in Pre-contemplation, two 
in Contemplation, and 27 in Action. None reached 
Termination. Given that this stage requires more than 
five years of sustained behavior, its operationalization 
in an agricultural context where five years can 
correspond to about ten cropping seasons may need 
reconsideration. The dynamic and diverse nature of 
agricultural systems suggests that the TTM may need 
recalibration for sector-specific applications.  

Only recommendations related to variety and 
seed selection and crop establishment led to some 
farmers reaching Maintenance. Regular cooperative 
meetings and access to free certified inbred seeds 
likely supported this. A few farmers also purchased 
certified seeds, indicating strong commitment 
to these practices. However, only a subset of the 
Primer’s recommended technologies has been widely 
practiced. This points to the need for more engaging 
and context-sensitive development strategies to 
encourage farmers to progress further across a 
broader range of recommendations.  

Farmers’ suggestions for improving the Primer 
such as developing a rainfed version, enlarging 
text and images, adding detailed guidance on 
pest management, beneficial organisms, extreme 
weather, and chemical use, and emphasizing links 
between quality production and income highlight the 
importance of involving farmers in the design and 
refinement of extension materials. Enlarging font size 
and images may deviate from conventional aesthetics 
but is critical for aging farmers. Incorporating 
farmers’ feedback can help ensure that information 
is relevant, usable, and aligned with their capacities 
and conditions. Access to information materials 
such as the PalayCheck Primer is one key factor 
influencing technology uptake, but it is not sufficient 
on its own. Follow-up activities are recommended 
to support and sustain adoption. These may include 
technology demonstrations linked to PalayCheck 
recommendations; integration of Primer use 
with cooperative activities (e.g., planning, seed 
distribution, synchronized planting); and continued 
government support, such as free or subsidized 
certified seed distribution, particularly for rainfed 
farmers.Further research could examine how the 
TTM might be adapted or recalibrated for agricultural 
contexts, where cropping seasons, climate variability, 
and market conditions shape the pace and stability of 
behavior change.
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Abstract 
Printed information, education, and communication (IEC) materials are widely used to transfer knowledge 

to farmers, with knowledge considered a prerequisite for changes in attitude and practice. However, producing 
and distributing printed IECs entails substantial costs, underscoring the need to understand how intended users 
actually engage with these materials. This study examined how 154 beneficiaries of the Rice Competitiveness 
Enhancement Fund (RCEF) Seed Program from Capiz, Aklan, Bohol, Masbate, Quirino, Pampanga, Davao 
Oriental, and Davao del Sur utilized the brochure Gabay sa Makabagong Pagpapalayan, which was distributed 
in 2020 and 2021 in all RCEF-covered provinces. Guided by Krikelas’s Model of Information-Seeking Behavior, 
in-depth interviews were conducted, transcribed, and thematically analyzed. Results show that farmers’ 
interaction with the brochure was highly need-based. Reading was infrequent and driven by urgent, farm-
related information needs that farmers could not address using their existing knowledge. It was also selective, 
as farmers focused only on sections directly related to their immediate concerns (e.g., nutrient management, 
crop establishment, harvest). These findings suggest that farmers regard their own experience as the primary 
information source and turn to printed IECs only when this internal source proves insufficient. Drawing on these 
results, the study recommends problem-centered communication in packaging information for farmers, careful 
timing and prioritization of content in IECs, improved durability of printed materials, and the availability of 
complementary and accessible alternative information sources.     
Keywords: information-seeking behavior, infrequent reading, need-based reading, printed IEC materials, selective reading

of information channels, perceptions of agricultural 
information, training, land ownership, and type 
of farming system (Mahindarathne & Min, 2019). 
Sociodemographic characteristics including age, 
education, gender, farming experience, location, and 
income also play key roles (Kavithaa et al., 2014; Linh 
et al., 2016; Lwoga et al., 2010; Mahindarathne & Min, 
2019; Mwombe et al., 2014). Commonly sought topics 
include major crop management, crop protection, 
marketing, climate, credit and loan facilities, and 
animal disease control (Kabir et al., 2014; Lwoga et 
al., 2010; Rehman, 2010).      

Print media (Duhan & Singh, 2017; Farooq, 2007; 
Ford & Babb, 1989; Korsching IV & Hoban, 1990; 
Memon et al., 2005; Murage, 2011; Njoku, 2022; 
Pathak, 2022; Rehman et al., 2011; Rehman, 2010), 
along with fellow farmers, agriculture professionals, 
and extension workers (Brhane et al., 2017; Idowu et 
al., 2020; Kabir et al., 2014), remains an important 
source of agricultural information. Pamphlets, 
magazines, and newspapers are among the most 
frequently used print formats (Duhan & Singh, 2017; 
Kughur et al., 2018; Pathak & Patel, 2022; Rehman, 
2010). For many farmers, accessible communication 
channels include print (Nii et al., 2023; Njoku, 2022), 

Introduction
The Philippine government invests substantial 

resources in producing printed agricultural 
information materials to support technology 
delivery to rice farmers. From 2019 to 2024, for 
example, the Rice Competitiveness Enhancement 
Fund (RCEF)–Extension Program alone spent about  
PhP 97 million on various printed rice-related 
materials. Printed information, education, and 
communication (IEC) materials are intended to 
facilitate changes in farmers’ knowledge and 
attitudes (Redman & Paul, 1997; Sheela, 2004), which 
are necessary precursors to changes in practice. 
Despite these investments, evidence on the actual 
effectiveness of printed IECs in improving yield or 
quality of life among farmers remains limited.      

In the literature, farmers are reported to seek 
information primarily to bridge information gaps 
and overcome production constraints (Brhane et 
al., 2017). Access to relevant information enables 
them to gain new knowledge, including modern 
technologies (Brhane et al., 2017; Kabir et al., 2014). 
Farmers’ information-seeking behavior is shaped by 
factors such as information needs, characteristics 

FULL PAPER



Farmers’ Use of the Gabay sa Makabagong Pagpapalayan Brochure

24   RICE-BASED BIOSYSTEMS JOURNAL (2025) 13: 23-29

radio, mobile phones, and television (Mwombe et 
al., 2014; Sennuga et al., 2020), whereas the internet 
and computers are less accessible, especially in rural 
areas (Mwombe et al., 2014).      

Accessing information is not always 
straightforward. Global studies cite several barriers, 
including an insufficient number of extension 
workers (Tumbo et al., 2018), their limited availability 
for consultation, poor institutional response to 
information requests, lack of awareness of existing 
information sources, experts’ limited problem-
solving capacity, and weak knowledge-sharing 
cultures (Lwoga et al., 2010).     

For print media specifically, newness and quality 
of content, relevance and comprehensiveness, 
timeliness of publication, farmers’ interest, cost, 
access, and literacy levels all affect reception and 
utilization (Hosain, 2008; Kughur et al., 2018; Nii et 
al., 2023; Njoku, 2022; Rehman, 2010). Moreover, age, 
farming experience, farm size, household size, and 
access to extension workers significantly influence 
whether and how farmers use print materials (Njoku, 
2022).      

There is some evidence that printed IEC materials 
can influence technology adoption. In Nigeria and 
India, farmers reported adopting technologies—
particularly those related to variety selection, crop 
establishment, and fertilizer use—based on printed 
materials, often in combination with advice from 
peers and extension agents (Idowu et al., 2020; Memon 
et al., 2005). ICT-based information (e.g., SMS 
advisories) has also been associated with improved 
technology uptake and productivity (Mwombe et al., 
2014; Sennuga et al., 2020), while demonstrations and 
video have shown effectiveness in changing weed 
management practices among cassava farmers (Atser 
et al., 2023).      

Despite this, few studies have examined how 
farmers actually interact with agricultural IEC 
materials. There is also limited work that views IEC 
production and use from the perspective of research-
for-development organizations and a notable lack of 
studies in the rice sector. This study addresses this 
gap by investigating how rice farmers interact with 
a printed IEC material: Gabay sa Makabagong 
Pagpapalayan, a three-fold brochure containing 
recommendations on land preparation, seedling 
preparation and management, crop establishment, 
nutrient management, harvest management, and seed 
purification.      

Specifically, this study aimed to identify salient 
information relating to farmers’ frequency and 
timing of reading, as well as the selection of topics 
or content to read. The information on the timing and 

frequency of reading, as well as topic selection, will 
inform delivery schedules and messaging.

Metholodogy
The study was guided by James Krikelas’s (1983) 

Model of Information-Seeking Behavior, which posits 
that information needs are shaped by an individual’s 
environment (Igbinovia & Omehia, 2024). 
Information needs may be either deferred (potential 
needs) or immediate. Immediate information needs 
are those regarded as urgent and are addressed by 
consulting internal or external information sources. 
Based on this model, individuals initially rely on an 
internal source or their own knowledge and experience 
to address a perceived need. When internal resources 
are insufficient, they consult external sources that are 
easily accessible such as other people or documented 
information (e.g., brochures, pamphlets). This model 
is particularly appropriate for the present study, 
which focuses on how farmers interact with a printed 
IEC (Figure 1). Krikelas’s model has been applied 
in business (Orrensalo, 2019), education (Akbar, 
2022; Bukhari, 2018; Fitzgerald, 2020; Igbinovia & 
Omehia, 2024), health (Corcoran-Perry & Graves, 
1990; Gardner, 2017; Okoniewski et al., 2014), and 
agriculture (Mahindarathne & Min, 2018), but has 
not previously been applied in the rice sector.       

This qualitative study used purposive sampling to 
select research participants. Two criteria were applied: 
(1) they were beneficiaries of the RCEF Seed Program; 
and (2) they had read the three-fold brochure Gabay sa 
Makabagong Pagpapalayan (Figure 2). The brochure 
was distributed to RCEF farmer-beneficiaries in 

Figure 1. An illustration of farmers’ use or interaction with a 
printed IEC material.
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all covered provinces in 2020 and 2021. It aims to 
guide farmers in managing their crops from land 
preparation and seedling management, through crop 
establishment and nutrient management, to harvest 
management and seed purification.      

Farmers came from low-yielding and high-
yielding provinces identified by RCEF. Low-yielding 
provinces included Capiz, Aklan, Bohol, and Masbate, 
while Quirino, Pampanga, Davao Oriental, and 
Davao del Sur represented high-yielding provinces. 
In total, 154 RCEF Seed Program beneficiaries 
participated in the study. Their basic profile (e.g., 
age, sex, farming experience, farm size, and type of 
farming environment) is summarized in Table 1.      

In-depth interviews were conducted in 2022. 
The interview guide was pretested first to identify 
potential biases in the data collection process and 
prevent these biases from emerging. Pretesting of 

Figure 2. Gabay sa makabagong pagpapalayan brochure.

the interview guide was conducted among 10 rice 
farmers in Nueva Ecija. The average length of the 
interview was 30 minutes. Questions were asked 
about farmers’ frequency and timing of reading the 
brochure, as well as the selection of topics or contents 
they read. Thematic analysis, following the work of 
Marcus Renner and Ellen Taylor-Powell (2003), was 
conducted.

Regarding the ethical conduct of this research, 
participants were asked to sign a consent form that 
detailed all necessary information about the project, 
as well as their rights as research participants. The 
participants were made fully aware that they could 
withdraw their participation from this study by 
simply informing the project lead. All participants in 
this study were anonymized, and their identities were 
not disclosed in this paper or in any presentations 
made about the study.

Table 1: Socio-demographic profile of research participants.

Total Number  
of Participants

Province Sex Age Civil 
Status

Educational 
Attainment

Years in  
Farming

154 Capiz: 19
Aklan: 23
Bohol: 14
Masbate: 20
Quirino: 19
Pampanga: 20
Davao Oriental: 20
Davao del Sur: 19

Female: 69
Male: 85

41 years 
old and 
above

Married At least high school More than 
10 years
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Results and Discussion
This section discusses how farmers interacted 

with or used the brochure by examining the frequency 
and timing of reading and the selection of topics 
or content to read. The findings are read following 
Krikelas’s Model of Information-seeking Behavior.

Frequency or Timing of Reading

The frequency or timing of reading the 
brochure explains when farmers seek information. 
This is useful in identifying the proper timing of 
information delivery. It was found that the farmers 
read the brochure infrequently. The need for specific 
information determines the timing. In the case of 
the research participants, they recognized the need 
for information before or at the start of the cropping 
season, or if they encountered problems in the rice 
field. 

“I was interested to know the content of the 
brochure so we can also use or apply the things 
we used not to know, to know new technologies.” 
[Participant 2 from Aklan].

“You do not worry about the things to do [in 
the farm] because you already have additional 
knowledge from the brochure.” [Participant 4 from 
Capiz]

“I last read the brochure when the prices of 
fertilizer were soaring.” [Participant 3 from Davao 
Oriental]

“I read every start of planting, then I read again the 
brochure for fertilizer application.” [Participant 4 
from Bohol]

“The brochure is for farmers who lack knowledge 
in rice farming.” [Participant 5 from Davao 
Oriental

Using Krikelas’s Model of Information-Seeking 
Behavior, it could be said that farmers recognized 
the need for information to improve their farm 
productivity, which was caused by an ongoing 
process associated with their rice farm. Farmers 
read the brochure to acquire knowledge related 
to crop establishment, land preparation, nutrient 
management, and harvest management to improve 
their farm productivity. Searching for information 
to bridge the information gap is a common reason 
reported in the literature (e.g., Brhane et al., 2017). 

The information needed to increase their farm 
productivity was deemed immediate by the farmers. 
They felt the urgency to satisfy this need. The act of 
reading the brochure, following Krikelas, means that 
they recognized that their own knowledge proved 
inadequate to address the key issues on their farm. 
Hence, they tapped an external source, a documented 

form of knowledge, which in this case was the 
brochure. This observation is supported in the studies 
of Acheampong (2017) and Rahman and Khan (2020). 
These studies reported that farmers, especially during 
difficult and critical situations, often look to external 
sources for help in resolving their farm-related 
issues. This critical or difficult time, for instance, is 
illustrated in the quote from the participant in Davao 
Oriental, who stated that the brochure was read when 
the prices of inputs soared. 

Another point, with respect to Krikela’s model, 
is accessibility. The brochure proved to be an 
accessible external source of information, as shown 
in the example from Bohol. The participant read the 
brochure at the start and end of the cropping season. 
To extend this analysis, the brochure served as a 
companion medium for the participants, a description 
often attached to community radios. The brochure 
served as an accessible how-to guide, a lifeline for 
farmers. Kughur et al. (2018) share this finding in 
their research, where the majority of Nigerian farmer-
respondents primarily accessed newspapers as a 
source of information, as these were readily available 
to them most of the time. 

As the farmers in this study read the brochure 
before or at the start of the cropping season, or if field 
problems arose, they kept a copy of the brochure as 
a guide or reference. In this case, printed materials 
were valued by the farmers for their permanence, 
which was also similar to the finding of Stefano et al. 
(2004), who noted that farmers kept printed materials 
given to them for many years. This finding, regarding 
farmers keeping a copy of the brochure, is significant 
in the context of the Philippines. In the past, there had 
been some criticisms saying that farmers only ‘tiklop, 
tago, and tambak’ [fold, keep, and pile] the printed 
materials given to them. We argue that this ‘tiklop, 
tago, and tambak’ must actually be viewed positively. 
Farmers do this for future reference, and not as a way 
to dismiss the information written in the material 
given to them. The quotes below from participants in 
Davao Oriental, Bohol, and Pampanga illustrate this 
point: 

“I read it before the start of the cropping season. I 
kept a copy of the brochure. I have a folder where 
I keep all printed materials, including guidelines, 
given by the Department of Agriculture.” 
[Participant 1 from Davao Oriental]

“Because I am old, every start of the cropping 
season, I read the brochure so I will not forget the 
content.” [Participant 5 from Bohol]

“When we received the brochure, we had not 
started planting, so we still did not need it at that 
time.” [Participant 6 from Pampanga]  
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The quotes above show no support for seeing the 
‘tiklop, tago, and tambak’ observation negatively. 
A farmer is highly encouraged to keep a folder to 
store materials (Davao Oriental). A farmer keeping 
the information ensures that s/he has something to 
read for guidance when necessary, showing that the 
material will be referred to in due time (Bohol and 
Pampanga).

Selection of Content

Farmers were selective in reading the information 
shown in the brochure. They did not read all the 
recommendations and steps on land preparation, 
seedling preparation and management, crop 
establishment, nutrient and harvest management, and 
seed purification that were presented in the brochure 
in one sitting. They only read the information that they 
needed such as crop establishment, land preparation, 
nutrient management, and harvest management. They 
were selective readers. A similar observation was 
reported in India by Sing and Singh (2014) among 
livestock farmers. The farmers in their study only 
read specific sections of a newspaper, i.e., those that 
related to animal health. The interview excerpts below 
show how farmers nitpicked on the information that 
they read from the brochure:  

“I only read a few and did not continue reading. 
I read it to know how to prepare the land.” 
[Participant 1 from Quirino]

“I read the brochure if I encountered a problem. 
I read it last cropping season because I had a 
problem with ungerminated seeds.” [Participant 2 
from Davao del Sur]

“I spent 30 minutes reading about transplanting. 
It is hard to remember everything about it.” 
[Participant 5 from Masbate]

This finding highlights the importance of content 
developers being meticulous in determining the 
information needs of their intended audience. This 
is an important yet oftentimes overlooked aspect of 
content creation. 

Going back to Krikelas’s Model, the findings 
suggest that the act of choosing the contents to read 
or being selective in reading indicates that they were 
still dependent on their own knowledge or experience 
for some of their information needs. The following 
interview excerpts capture this point: 

“I only read the brochure once because I already 
have experience related to the contents of the 
brochure.” [Participant 5 from Davao Oriental] 

“I did not follow the other procedures in the 
brochure. I rely first on my years of experience.” 
[Participant 3 from Capiz]

The findings of Naveed and Hassan (2021) among 
Citrus farmers in Pakistan and Phiri et al. (2019) 
among rural smallholder farmers in developing 
countries are similar to this study, which highlights 
the farmers’ overwhelming dependence on personal 
or prior experience for their information needs. The 
farmers’ own knowledge was their most accessible, 
prominent, and trusted knowledge. The study by 
Rahman and Khan (2020) also confirms that farmers 
rely on personal experience when the nature of the 
problem or need is familiar or non-critical. Selective 
reading among farmers is a significant finding of 
this study, as it reveals that farmers also undergo 
the same information-seeking behavior process, 
which depends on the nature of the problem or 
need, as well as the reliability and adequacy of the 
available information. Relating this finding to content 
creation, it is then essential that writers build upon 
the existing knowledge of their audience, as entirely 
new information, no matter how useful it may be, 
will be processed through their own (and sometimes 
outdated) experiences. Knowledge transitions play a 
crucial role in facilitating understanding. 

This study is novel as it contributes to the limited 
literature on the information-seeking behavior of rice 
farmers, particularly in the Philippines. It also extends 
the application of Krikelas’s Model of Information-
Seeking Behavior to agriculture, particularly among 
rice farmers. A considerable amount of research has 
been conducted on the information needs, sources of 
information, and factors influencing the information-
seeking behavior of farmers in general. However, this 
study provides a new perspective on understanding 
their information-seeking behavior by examining 
their interaction with printed IEC materials. 

Drawing on the findings of this study, the following 
recommendations are hereby advanced: 

1.	 Problem-centered communication is key 
in information packaging for farmers. In 
problem-centered communication, instead 
of directly communicating a message 
on proper crop management practices 
or recommendations that disregard their 
accumulated knowledge over time, the 
messaging will focus on a rice farmer’s 
problem related to a specific crop 
management recommendation (i.e., a weed 
problem for proper land preparation). This 
would enable them to troubleshoot their 
issues independently. As this espouses 
ownership of the course of action taken 
by the farmers themselves, this strategy 
is sustainable because they themselves 
experience it and will incorporate it into their 
knowledge.  
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2.	 The timing of distribution of IEC materials 
and the type of information to prioritize 
should be paid attention to. The IEC material 
will be helpful for the intended audience if 
it contains the necessary information and is 
distributed at the time they need it. 

3.	 Alternative sources of information must 
always be accessible and available. It is 
known that printed materials are limited in 
their capacity to provide real-time updates 
and interaction. Communication channel 
complementation will provide an excellent 
avenue for effective and efficient information 
delivery to farmers.

4.	 IEC materials should be made more durable 
to withstand years of being kept or piled up. 
This is important as farmers tend to keep the 
printed IEC given to them for a long time. 
The farmers returned to these IECs in the 
future as necessary. 

Conclusion
Farmers’ interaction with the brochure was highly 

need-based. Reading the brochure was infrequent, 
depending on the time they recognized an urgent 
farming need that they themselves could not meet. 
Reading the brochure was also selective, as they only 
read the information they needed. These findings 
suggest that farmers sought information only when 
their current knowledge, the most accessible source 
of information, was insufficient to meet their needs. 
The infrequent and selective reading proves the 
immediate nature of their information needs. This 
study also viewed the ‘tiklop, tago, and tambak’ 
habit of farmers positively, as farmers do this for 
future reference, and not as a way to dismiss the 
information written in the material given to them. 
The results of this study contribute to the growing 
body of knowledge on the information-seeking 
behavior of farmers. Following the findings, it is 
recommended that problem-centered communication 
could be used in packaging information for farmers, 
the timing of distribution of IEC materials and type 
of information to prioritize should be given much 
attention, and alternative sources of information that 
have the capacity to provide real-time receipt of and 
response to farmers’ urgent queries without time and 
location boundaries should also be made available 
and accessible. IEC materials should be made more 
durable to withstand years of being kept or piled up 
as farmers will return to these IECs in the future as 
necessary.
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Abstract
Soil microbial communities are central to nutrient cycling and crop productivity, particularly in rice-based 

systems. This study assessed soil microbial functional diversity in rice monoculture and rice–duck production 
areas and examined their influence on soil fertility. Three rice varieties (NSIC Rc 160, Rc 222, and Rc 402) 
were evaluated in a completely randomized design. Microbial metabolic activity, functional diversity, and soil 
chemical properties were measured using BiOLOG® EcoPlates™ and standard soil analyses. Higher average 
well color development (AWCD) was observed in rice monoculture, with NSIC Rc 402 in the dry season showing 
the highest value (2.05 nm). Shannon diversity indices (H’) ranged from 3.07 to 3.42 across plots, indicating 
generally high microbial diversity. Rice monoculture exhibited higher soil pH, total N, available P (notably in 
Rc 160), exchangeable K, and organic carbon during the dry season. In contrast, the rice–duck system showed 
higher total N in the wet season and improved P, K, and organic carbon in Rc 222 and Rc 402, likely influenced 
by duck activity and organic inputs. These findings highlight the distinct microbial and soil fertility responses 
between the two systems and underscore the need for further evaluation of rice–duck integration on microbial 
diversity, soil health, and yield performance.      
Keywords: BiOLOG EcoPlates, rice-duck production, rice monoculture, soil microbes 

fungi), and arbuscular mycorrhizal fungi (P uptake 
and aggregation). It also helps suppress soilborne 
pathogens including Fusarium and Rhizoctonia, 
supporting greater microbial decomposer diversity 
(Lupwayi et al., 1998; Peralta et al., 2018; Tiemann et 
al., 2015; Venter et al., 2016).      

Reduced tillage maintains stable soil microhabitats 
and often results in distinct microbial communities 
with higher fungal abundance (Jiang et al., 2011; 
Lauber et al., 2008). Six et al. (2006) reported 
that reduced tillage promotes fungal-dominated 
systems, particularly Ascomycota (efficient residue 
decomposers) and Basidiomycota (lignin degraders), 
due to preserved hyphal networks. These dynamics 
enhance nutrient cycling and soil aggregation (Kumar 
et al., 2024).      

Organic amendments also influence rice soil 
bacterial communities by providing diverse carbon 
sources that stimulate microbial metabolism 
(Chávez-Romeroa et al., 2016; Daquiado et al., 
2016; Hartmann et al., 2015). While gradual shifts 
in microbial community composition under organic 
management have been reported (Suzuki et al., 2019), 
compost additions in rice paddies have been shown to 
enrich Gram-positive bacteria including Firmicutes, 
Actinobacteria, and Rhizobiales, although significant 
increases were observed mainly in Firmicutes 
(Daquiado et al., 2016).      

Introduction
Rice (Oryza sativa L.) is the main staple food 

and one of the most widely cultivated crops in the 
Philippines. However, intensive monocropping—a 
common practice in many rice-producing areas, has 
contributed to the degradation of paddy ecosystems, 
including declining soil fertility, deteriorating water 
quality, and loss of biodiversity, ultimately reducing 
long-term system productivity (Bautista & Javier, 
2005). Maintaining soil health therefore requires 
greater attention to soil microbial diversity, which 
plays a central role in nutrient cycling and plant 
growth (Kumar & Verma, 2019).      

Soil microbial communities are integral to plant 
nutrition and ecosystem functioning, especially in 
rice-based systems. Beneficial soil microbes regulate 
nutrient cycles, support decomposition, and enhance 
plant productivity. Practices such as organic farming, 
crop rotation, and reduced tillage have been shown to 
increase microbial diversity and stimulate the growth 
of key functional groups, including nitrogen-fixing 
bacteria and mycorrhizal fungi (Mäder et al., 2002; 
Altieri, 1999; Van der Heijden et al., 2008).       

Crop rotation increases plant litter diversity, 
enriches soil organic matter, and provides habitat 
for beneficial microbes such as Rhizobium 
(legume symbiosis), Pseudomonas (antibiotic and 
siderophore producers), Trichoderma (biocontrol 
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Nutrient cycling sustains diverse microbial 
guilds such as N-fixers (Rhizobiales), P-solubilizers 
(Bacillus, Pseudomonas), and decomposers 
(Actinobacteria, saprotrophic fungi), whose 
functional complementarity strengthens soil health 
and system resilience (Richardson & Simpson, 2011; 
Bardgett & van der Putten, 2014). In general, integrated 
management practices tend to shift communities 
toward beneficial groups such as Proteobacteria, 
Actinobacteria, Firmicutes, Ascomycota, and 
Basidiomycota, with reductions in opportunistic 
or pathogenic groups such as some Acidobacteria 
and Fusarium. These transitions promote improved 
nutrient cycling and soil functioning.      

Several studies have characterized dominant 
microbial groups in rice ecosystems. Proteobacteria 
including Pseudomonas, Burkholderia, and Ralstonia 
play major roles in carbon and nitrogen cycling 
under flooded conditions (Edwards et al., 2015). 
Chloroflexi, including Anaerolinea, contribute to 
anaerobic residue decomposition but may decline 
under intensive monocropping (Yuan et al., 2018; 
Li et al., 2021). Acidobacteria commonly persist in 
low-nutrient, acidic soils and aid in decomposing 
recalcitrant organic matter (Ahn et al., 2016). In 
rice–duck systems, Chloroflexi, Proteobacteria, 
Acidobacteria, and Actinobacteria comprised over 
75% of phyla, with Chloroflexi and Proteobacteria 
remaining abundant, while Actinobacteria (e.g., 
Streptomyces) declined over time (Han et al., 2024).      

Microbial responses also vary with seasonal 
environmental changes. In rice monoculture during the 
wet season, anaerobic bacteria such as Clostridium and 
methanogens (Methanobacterium, Methanosarcina) 
thrive under flooded, reduced-oxygen conditions 
(Liu & Whitman, 2008). Their abundance typically 
declines during the dry season as soils become more 
aerated. Flooded anaerobic soils also favor bacteria 
and archaea over fungi (Kirk, 2004), while drier 
conditions encourage fungal decomposers, especially 
Ascomycota (Phillips et al., 2019).      

In rice–duck systems, ducks contribute organic 
matter inputs and soil disturbance. During the wet 
season, copiotrophic bacteria such as Firmicutes (e.g., 
Bacillus, Clostridium) and Proteobacteria (Rhizobium, 
Pseudomonas) increase in response to duck activity 
(Han, 2004). Methanogens remain active but may 
be moderated by enhanced soil aeration from duck 
movement (Conrad, 2007). During the dry season, 
decomposition of organic inputs stimulates aerobic 
decomposers such as Actinobacteria, including 
Streptomyces, known for degrading complex 
polymers (Larney, 2012; Ventura et al., 2007).      

Microbes that support improved rice yields 
through nutrient mobilization and enzymatic activity 

are often more abundant in fertile soils. Rhizobium 
leguminosarum interactions with rice can enhance 
nitrogen uptake, grain yield, and biomass (Yanni et 
al., 1997). Long-term rice cultivation increases soil 
organic carbon, total N, and microbial abundance but 
may reduce soil pH (Lu et al., 2016). Integrating fish 
and livestock also improves soil fertility (Nayak et 
al., 2024).      

Rice–duck systems have been practiced in the 
Philippines since the 1990s (Cagauan et al., 2000; 
Villamora et al., 2000; Barroga et al., 2007). They are 
reported to reduce labor requirements—saving about 
13 man-days in weeding, fertilizer use, and pest 
management—and provide higher net returns than 
rice monoculture (Barroga et al., 2007). Rice–duck 
farming also contributes to increased abundance of 
bacteria, actinomycetes, fungi, and overall microbial 
communities during rice growth stages. BiOLOG 
analyses have shown enhanced carbon-utilization 
profiles, metabolic activity, and functional diversity, 
particularly at heading (Zhang et al., 2009).      

Given the central role of microbial communities in 
nutrient cycling and soil fertility, assessing microbial 
functional diversity provides insights into soil health 
and system sustainability. This study therefore 
evaluated soil microbial diversity in rice monoculture 
and rice–duck production systems and examined 
their influence on soil fertility.      

Materials and Methods
Sample Collection for Soil Chemical and 
Microbial Analysis

Soil samples were collected after cultivation in 
both rice monoculture and rice–duck production areas 
during the 2023 dry and wet seasons at the Philippine 
Rice Research Institute, Central Experiment Station 
(PhilRice CES), Science City of Muñoz, Nueva Ecija. 
The rice–duck production system was established in 
the 2012 dry season at the Palayamanan site, while 
the rice monoculture system has been maintained 
at PhilRice since 1985. Crop management practices 
in both systems, including land preparation, crop 
establishment, and nutrient and water management, 
followed the PhilRice PalayCheck System.      

The rice–duck production area covered 1,328 m² 
and utilized 137 mallard ducks, which were released 
daily until the heading stage and re-released after 
harvest. Fertilizer application rates in the rice–duck 
production system were 134-35-35-30 NPKS during 
the 2023 dry season and 97-28-43 N-P2O5-K2O 
during the wet season, while in the rice monoculture 
system, rates were 111-42-42 N-P2O5-K2O in the dry 
season and 90-28-58 N-P2O5-K2O in the wet season.      
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Samples were obtained within 0 - 20 cm from 
the surface using an Edelman auger. A 24-inch, 
diagonally oriented sampling interval between 
sampling points was employed. Soil samples were 
placed in clear plastic containers, transferred to the 
laboratory, and arranged in a completely randomized 
design (CRD).      

Determination of Soil Microbial Diversity 
Using BiOLOG® EcoPlates™

BiOLOG® EcoPlates™ (Biolog Inc., Hayward, 
CA, USA) were used to analyze the functional 
diversity of bacterial communities by measuring their 
ability to oxidize carbon substrates. An EcoPlate 
is a 96-well microplate that contains 31 common 
carbon sources from five compound groups including 
carbohydrates, carboxylic and ketonic acids, amines 
and amides, amino acids, and polymers plus a blank 
well as a control, all replicated thrice to control 
variation in inoculum densities (Sofo & Ricciuti, 
2019). Analysis was conducted at the Department 
of Agriculture–Crop Biotechnology Center, Science 
City of Muñoz, Nueva Ecija, Philippines.       

Ten grams of fresh soil were weighed into a 
diluent bottle. One hundred (100) mL of sterilized 
0.1% peptone–water solution was added and the 
mixture was shaken for 30 sec. The supernatant 
was transferred into a sterile culture dish, and 150 
µL per channel were dispensed with a multichannel 
pipette into each well of the EcoPlate. The plates 
were incubated at 28°C in a biochemical incubator for 
seven days. Absorbance at 590 nm was measured on 
a BiOLOG MicroStation™ every 24 h, and data were 
collected using BiOLOG MicroLog software version 
4.20.05.      

Chemical Characterization of Soils

Soil samples were analyzed for total nitrogen (N), 
available phosphorus (P), exchangeable potassium 
(K), pH, and organic matter content. Chemical 
analyses were conducted at the laboratory of the 
Agronomy, Soils and Plant Physiology Division 
(ASPPD), PhilRice CES, Maligaya, Science City of 
Muñoz, Nueva Ecija, Philippines.      

Data Analysis 

The data gathered included microbial functional 
diversity parameters derived from BiOLOG® 
EcoPlates™ such as average well color development 
(AWCD), substrate richness (S), and Shannon diversity 
index (H′) and measurements of soil chemical 
properties (pH, total N, available P, exchangeable 
K, and total organic carbon). Data were encoded in 
MS Excel and analyzed using analysis of variance 
(ANOVA) to determine significant differences among 
treatments. Treatment means were compared using 

Tukey’s HSD at the 5% level of significance, using 
the Statistical Tool for Agricultural Research (STAR) 
version 2.0 software.      

Results and Discussion
Microbial Metabolic Activity 

Average well color development (AWCD) was 
used to describe overall color development in 
BiOLOG plates (Garland and Mills, 1991). The depth 
of color indicates the ability of microbes to utilize a 
given carbon source (Lyons and Dobbs, 2012), with 
higher AWCD values reflecting higher microbial 
metabolic activity. AWCD values for soil samples are 
summarized in Table 1.      

AWCD was significantly higher in the rice 
monoculture area, except for NSIC Rc 222 during the 
dry season, ranging from 0.36–2.05 nm, compared 
with 0.74–1.25 nm in the rice–duck production 
area. These results suggest that rice monoculture 
generally enhanced microbial metabolic activity, 
likely due to greater inputs of readily available carbon 
substrates (root exudates, residues, fertilizers) and the 
dominance of fast-growing microbes able to rapidly 
utilize them, as reflected in higher AWCD values. 
Charaslertrangsi et al. (2024) reported that microbial 
metabolic activities were higher in conventional rice 
production, although differences were not statistically 
significant compared with organic farms, and noted 
that one key factor affecting soil microbial structure 
is human agricultural practices.      

In contrast, the rice–duck production area 
showed lower AWCD, possibly due to altered soil 
conditions caused by duck activity or shifts in 
microbial communities less responsive to Biolog 
assays. The exception of RP NSIC Rc 222 in the 
dry season highlights the influence of variety × 
season interactions, where genotype-specific traits 
and environmental factors such as soil moisture 
and oxygenation also shape microbial activity. 
According to PhilRice (2018), NSIC Rc 222 is a 
multi-stress-tolerant variety adaptable to rainfed, 
submerged, and saline conditions due to its efficient 
root system, tolerance to submergence and salinity, 
and stress-responsive gene expression that supports 
stable growth across environments. These traits may 
partly explain why NSIC Rc 222 stands out among 
the varieties; however, further trials are needed to 
determine how NSIC Rc 222 responds beyond these 
treatments.      

Notably, RP NSIC Rc 402 in the dry season 
exhibited the highest AWCD, suggesting strong root 
exudation or favorable soil conditions that stimulated 
microbial carbon metabolism. Although the rice 
monoculture area had significantly higher mean 
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absorbance values overall, the rice–duck production 
area still recorded comparable results.      

Zhang et al. (2009) reported higher AWCD in rice–
duck systems, which contrasts with the lower values 
observed in this study. They found that rice–duck 
systems increase microbial community functional 
diversity and total metabolic activity (e.g., carbon 
utilization) compared with conventional rice farming. 
Beyond microbial metabolic activity, other studies 
have shown that rice–duck and rice–fish systems help 
reduce overall N losses from fields and improve N 
use efficiency. Gao et al. (2019) reported that rice–
duck farming, particularly with a combination of 
70% chemical and 30% organic fertilizer, makes rice 
production more sustainable by reducing N leakage 
by 16.9%, increasing grain yield to 10.35 t ha-1, and 
improving N use efficiency to 43.3% compared with 
conventional rice farming. Teng et al. (2019) further 
reported that rice–duck systems integrated with 
organic farming can reduce N leakage by up to 92.1% 
compared with conventional rice farming.      

In this study, microbial metabolic activity varied 
among rice varieties and between production systems. 
In rice monoculture, NSIC Rc 402 (dry season) and 
NSIC Rc 222 (wet season) recorded higher AWCD 
values, indicating greater microbial activity likely 
influenced by varietal traits such as root exudation 
and rhizosphere interactions. In contrast, the rice–
duck production system showed lower but comparable 
AWCD values, possibly due to soil disturbances 
caused by ducks that altered microbial communities. 
NSIC Rc 222 in the rice–duck system demonstrated 
varietal adaptability to the integrated production 
system, while NSIC Rc 160 exhibited inconsistent 
values across both production systems.      

Table 1. Average well color development representing 
relative degree of sole carbon source utilization in two rice 
production systems. 2023 dry and wet seasons.

Rice Production 
System

Absorbance Mean Value (nm)

Dry Season Wet Season

Rice-Duck

RD NSIC Rc 160 1.25 bc 0.88 bc

RD NSIC Rc 222 1.23 bc 1.20 bc

RD NSIC Rc 402 0.74 cd 0.92 c

Rice monoculture

RP NSIC Rc 160 1.63 ab 1.91 ab

RP NSIC Rc 222 0.36 d 2.04 a

RP NSIC Rc 402 2.05 a 1.48 abc

Different letters in the superscript indicate a significant difference by Tukey’s 
HSD test at p > 0.05. Means with the same letter are not significantly different.

Percentage of Substrate Utilization per  
96-hr Incubation Time on each Rice Varieties 
During the Dry and Wet Season

The BiOLOG EcoPlate is composed of 31 different 
single carbon sources and a control well with parallel 
configurations on one plate for repeated tests (Ge et 
al., 2018). These 31 carbon sources can be divided 
into five (5) categories: carbohydrates, polymers, 
carboxylic acids, amino acids, amides/ amines and 
polymers.

Figure 1 shows that microbial communities from 
the rhizosphere soil of RD NSIC Rc 222 exhibited the 
highest utilization of carbohydrates while those from 
RD NSIC Rc 402 showed the lowest. Rhizosphere 
soil in RD NSIC Rc 160 demonstrated the highest 
carboxylic acid utilization among the rice varieties, 
whereas RP NSIC Rc 160 had the lowest reading. For 
amides/amines, RD NSIC Rc 402 and RP NSIC Rc 
160 rhizosphere soils showed the highest utilization 
while RD NSIC Rc 222 had the lowest. In terms 
of amino acids, rhizosphere soils collected from 
plots planted with RD NSIC Rc 402 had the highest 
utilization, whereas RP NSIC Rc 222 had the lowest 
percentage. In polymer utilization, rhizosphere soils 
from plots planted with NSIC Rc 160 exhibited the 
highest utilization among rice varieties with RD 
NSIC Rc 160 having the lowest, during the 120-h 
incubation of carbon sources on BiOLOG EcoPlates.      

These differences indicate that the rhizosphere 
environments of each rice variety support distinct 
microbial functional potentials, likely influenced by 
variations in root exudates, nutrient availability, and 
soil conditions. The degree of oxidation of carbon 
sources is proportional to the metabolic capacity of 
the corresponding microbes and can be characterized 
by AWCD (Garland and Mills, 1991). In addition, the 
consumption rate of the carbon source is reflected 
by the reduction of the tetrazolium violet redox dye 
(Gryta et al., 2014).      

The variety of substrates utilized by each organism 
is used to assess resource niche width, while the 
extent of shared growth-supporting substrates is used 
to evaluate niche overlap, contributing to predictions 
of resource competition among organisms (Wilson 
and Lindow, 1994; Dundore-Arias et al., 2019; 
Michalska-Smith et al., 2022).      

In terms of functional groups, the highest utilization 
of carbohydrate carbon sources was observed in rice 
varieties under the rice–duck production system, 
where RD NSIC Rc 160, RD NSIC Rc 222, and RD 
NSIC Rc 402 showed similarly high values in the bar 
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graph, while rice varieties under rice monoculture 
(RP NSIC Rc 160, RP NSIC Rc 222, and RP NSIC Rc 
402) recorded lower values. For carboxylic acids, RD 
NSIC Rc 160 and RP NSIC Rc 402 had the highest 
values, followed by RP NSIC Rc 160 and RP NSIC 
Rc 222 at similar levels, while RD NSIC Rc 222 and 
RD NSIC Rc 402 had the lowest. For amides/amines, 
RD NSIC Rc 402 gained the highest value while the 
remaining varieties clustered at similar levels, except 
for RD NSIC Rc 160, which was the lowest.      

In amino acid utilization, rice varieties under the 
rice monoculture system showed the highest values 
compared with those under the rice–duck production 
system, which exhibited the lowest levels. In polymer 
utilization, RD NSIC Rc 222 recorded the highest 
value, followed by RD NSIC Rc 160, while RP NSIC 
Rc 160, RP NSIC Rc 222, and RP NSIC Rc 402 
showed similar levels, and RD NSIC Rc 402 had the 
lowest.      

In natural environments such as soils, 
microorganisms frequently encounter diverse 
substrates and may employ varied utilization 
strategies (Wang et al., 2019). Microorganisms break 
down carbohydrates into metabolites that can be 
readily used, making carbohydrates one of the most 
accessible nutrient sources for soil organisms (Larré-
Larrouy et al., 2003). Thus, the observed variation 
across rice varieties reflects how different rhizosphere 
conditions influence microbial community function 
and substrate preference, highlighting the interaction 
between crop genotype and soil microbial ecology.      

Soil Microbial Diversity

The 96-h incubation showed that soil microbial 
communities across rice varieties could utilize 
diverse carbon sources, as reflected by the Shannon 
diversity index (H′) in Table 2. While no significant 

differences were observed among treatments, the 
overall H′ ranged 3.07-3.42. This range suggests 
good microbial diversity in agricultural systems as 
values above 3 are considered indicative of a good 
microbial community (Lavelle et al., 2004; Fierer et 
al., 2007). Higher Shannon index (H′) values were 
observed in the monoculture rice production area 
(3.30-3.42) compared with the rice–duck production 
area (3.11-3.22). NSIC Rc 222 consistently recorded 
the highest H′ values in both systems and seasons, 
suggesting a strong varietal influence on microbial 
diversity. NSIC Rc 160 showed variable results, while 
NSIC Rc 402 had lower diversity, particularly under 
rice–duck production. These findings suggest that 
microbial communities in the rice monoculture area 
were slightly more diverse than those in the rice–
duck production area. The higher Shannon index 
indicates that microbes in the rice monoculture area 
may have a broader or more balanced ability to use 
different carbon sources. Consistent environmental 
conditions in monoculture rice production may also 
favor a broader range of microbial communities.       

Several studies have reported that incorporating 
ducks into rice farming can enhance microbial 
diversity compared with monoculture systems (Liao 
et al., 2019; Huang et al., 2023). However, the present 
study observed slightly higher Shannon index values 
in the rice monoculture area. This contrast may be 
attributed to differences in site conditions, duration 
of rice–duck system establishment, management 
practices, or nutrient inputs, all of which could 
influence microbial community composition.      

Biolog EcoPlates cannot directly identify microbial 
communities at the species or taxonomic level but 
are effective in assessing their functional diversity 
through community-level physiological profiles 
(CLPP), which reflect the capacity of soil microbes 

Figure 1. Summary of percent (%) substrate utilization in each treatment namely: RD NSIC Rc 160, RD NSIC Rc 222, 
RD NSIC402, RP NSIC Rc 160, RP NSIC Rc 222 and RPNSIC Rc 402 in 96-hour incubation time per carbon guild 
including carbohydrates, carboxylic acid, amides/amines, amino acid and polymers.
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to utilize different carbon sources (Garland et al., 
1991). CLPP works by tracking how soil microbes 
use different carbon sources in the Biolog EcoPlates. 
The organic substrates present in the EcoPlates are 
utilized by the soil microbial community, leading 
to a metabolic response. Communities incubated 
in the EcoPlates yield a characteristic reaction 
pattern known as a community-level physiological 
profile or metabolic fingerprint. This fingerprint 
represents the overall metabolic activity of microbial 
communities and estimates the degree of microbial 
functional diversity based on substrate utilization and 
physiological parameters.      

While EcoPlates™ are mainly limited to 
functional characterization (Preston-Mafham et al., 
2002), they have been successfully used to detect 
shifts in microbial community function under 
different management and environmental conditions 
(Classen et al., 2003; Yang et al., 2013).      

Table 2. Comparison of metabolic functional diversity 
index in monoculture rice production (RP) and rice-duck 
production systems during dry and wet seasons.

Rice Production 
System

Shannon Index (H’)

Dry Season Wet Season

Rice-Duck

RD NSIC Rc 160 3.19 bc 3.18 bc

RD NSIC Rc 222 3.22 b 3.20 bc

RD NSIC Rc 402 3.07 c 3.11 c

Rice monoculture

RP NSIC Rc 160 3.30 ab 3.38 ab

RP NSIC Rc 222 3.42 a 3.41 a

RP NSIC Rc 402 3.40 ab 3.32 ab

Different letters in the superscript indicate a significant difference by Tukey’s 
HSD test at p > 0.05. Means with the same letter are not significantly different.

Soil chemical analysis of different treatments

The results of the soil chemical analysis for 
different rice varieties in two production systems, 
conducted after harvest, are presented in Table 3. 
During the dry season, soil pH in the rice monoculture 
and rice–duck production areas was comparable. 
However, during the wet season, rice monoculture 
had a higher soil pH than the rice–duck production 
area. This suggests that, during the wet season, soil in 
rice monoculture fields was slightly more neutral (pH 
6.07-6.99) compared with the rice–duck production 
area, where soil was more acidic (pH 5.79-5.85). 
Essentially, rice monoculture maintained higher 
soil pH, while the presence of ducks in rice–duck 
production likely contributed to soil acidification 
or prevented pH from rising as much. Ducks stir 
sediments and add nutrients through droppings, 
altering paddy water and surface soil pH; field studies 

have reported lower surface-water pH and altered 
soil chemistry in rice–duck production (Quan et al., 
2008).      

According to Ding et al. (2019), wet and dry 
seasons drive redox changes that commonly alter pH 
in paddy soils. The wet season often buffers or raises 
pH relative to drained/aerobic conditions, while the 
dry season and processes such as nitrification tend 
to acidify soil (lower pH). These pH shifts strongly 
influence microbial community composition (bacteria 
vs fungi), enzyme activities, and biogeochemical 
processes (nitrification, denitrification, methane 
production). Lauber et al. (2009) found that soil pH 
is a major determinant of microbial activity and 
community composition, aligning with global and 
local surveys that highlight pH as a primary driver 
of bacterial diversity and enzyme-mediated C and 
N cycling. Consistently, bacterial diversity and 
composition were strongly linked to pH across both 
surface and deeper soil layers, with previous studies 
identifying pH as a key predictor of community 
richness and structure (Lauber et al., 2009; Shen 
et al., 2013). Even minor shifts of ~1 pH unit can 
significantly alter dominant bacterial taxa (Kaiser et 
al., 2016).      

Total nitrogen in the rice monoculture area during 
the dry season ranged 0.13–0.15%, which was higher 
than in the rice–duck production area (0.08–0.09%). 
Conversely, in the wet season, the trend reversed: the 
rice–duck production area had higher N content (0.11–
0.13%) than the rice monoculture area (0.09–0.11%). 
These results suggest that the rice–duck production 
area retains more N in the wet season, likely due to 
duck manure and activity, whereas rice monoculture 
soils have higher N in the dry season, possibly due 
to reduced soil interactions. Although differences 
were not statistically significant, seasonal variations 
in nutrient cycling, water management, and microbial 
activity appear to drive these patterns.      

Zuccarini et al. (2023) reported that N influences 
soil microbial activity depending on initial conditions 
and the intensity and duration of inputs: moderate, 
short-term deposition can stimulate enzyme 
production, increase microbial biomass, and favor 
bacteria over fungi, whereas long-term deposition 
alters soil properties, shifting microbial communities 
and ecosystem functions.      

During the dry season, the highest available 
P was observed in rice monoculture with NSIC Rc 
160 (122.05 ppm), which was higher than in the 
rice–duck system with the same variety (106.40 
ppm). In contrast, for NSIC Rc 222 and NSIC Rc 
402, higher available P was recorded in the rice–
duck system (107.84 and 117.86 ppm, respectively) 
compared with monoculture (77.09 and 99.70 ppm, 
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respectively). According to Hua and Zhu (2020), 
rice–duck treatments can improve P levels, and their 
study highlighted the effectiveness of using organic 
fertilizers or incorporating crop straw into farmland 
for P conservation. In this context, duck manure may 
have served as an organic fertilizer in rice cultivation, 
but its effect on P retention cannot be confirmed 
since values were only measured in ppm and the 
differences between rice monoculture and rice–duck 
systems were not significant.      

Rice monoculture showed higher available P 
only for NSIC Rc 160. In contrast, the rice–duck 
production area had greater P availability for NSIC Rc 
222 and Rc 402 during the dry season. This suggests 
that the effectiveness of each production system may 
vary depending on the rice variety used. Available P 
during the dry season (77.09-122.05 ppm) was also 
higher than during the wet season (15.28-32.24 ppm). 
This difference could be due to frequent and heavy 
rainfall in the wet season, which often leads to soil 
leaching and surface runoff, significantly reducing P 
availability.      

The study revealed a substantial difference in 
available P between dry and wet seasons. According 
to Ponnamperuma (1972) and Hossner (1988), during 
the wet season, prolonged flooding and heavy rainfall 
induce strong redox fluctuations that promote the 
formation of fresh Fe/Al (oxyhydr)oxides, which 
effectively fix phosphorus, while runoff and leaching 
further reduce available P. In contrast, the dry 
season brings more aerobic conditions that enhance 
mineralization of organic P and desorption from soil 
particles, while reducing moisture-driven P losses, 
resulting in higher soil-test P values (Shen et al., 
2011; Martinengo et al., 2023). Li et al. (2022) added 
that P fertilization generally has a smaller impact 
on soil microbial communities compared with N 
fertilization.      

However, Su et al. (2015) found that long-term 
balanced fertilization, including P, can enhance 
microbial functional diversity in phosphorus-
limited paddy soils, improving nutrient cycling and 
soil resilience. Similarly, high starter phosphorus 
fertilization promotes microbial interactions and 
P turnover in arable soils, increasing microbial 
community complexity and supporting efficient 
nutrient cycling (Liu et al., 2024).      

Exchangeable potassium was generally higher 
in the rice monoculture area across all rice varieties 
and both seasons compared with the rice–duck 
production area. An exception was observed during 
the wet season for NSIC Rc 402, where the rice–duck 
production area recorded a higher value (89.86 ppm) 
than the rice monoculture area (75.63 ppm). While 
rice monoculture usually results in higher K levels, 

the presence of ducks in the rice–duck production 
area may enhance K availability in certain varieties 
such as NSIC Rc 402, particularly under wet-
season conditions. This suggests that the effect of 
the production system on K availability may vary 
depending on the rice variety and growing season.      

K+ ions influence soil carbon-cycling enzymes 
and microbial electron transport during the 
reproductive phase, thereby affecting organic 
matter decomposition (Xi et al., 2023). Additionally, 
application of potassium fulvate has been found to 
enhance the relative abundance of beneficial microbial 
groups, including Ascomycota, Bacillaceae, and 
Proteobacteria, in continuous cropping systems (Jiao 
et al., 2024).      

During the dry season, the rice monoculture 
area had higher total organic carbon (TOC) in the 
soil (1.50–1.72%) compared with the rice–duck 
production area (0.88–0.92%). A similar pattern was 
seen in the wet season, where rice monoculture areas 
generally had higher organic carbon. However, for 
NSIC Rc 402, the rice–duck production area had more 
organic carbon (1.39%) than the rice monoculture 
area (1.24%), indicating that the effect may vary 
depending on the variety used.      

The rice monoculture system showed higher pH, 
exchangeable K, and TOC, indicating better nutrient 
retention than the rice–duck production system, 
which had lower TOC and moderate K levels, likely 
due to duck activity and organic matter turnover. 
Among varieties, NSIC Rc 402 maintained the highest 
exchangeable K (105.10 ppm) and TOC (1.72%), while 
NSIC Rc 160 showed higher available P (122.05 
ppm), suggesting favorable nutrient conditions. NSIC 
Rc 222 had moderate values but remained stable in 
both systems, reflecting its adaptability. Both varietal 
characteristics and production system influenced 
soil nutrient dynamics, with monoculture favoring 
nutrient accumulation and rice–duck supporting 
more balanced nutrient cycling.      

Soil chemical characteristics influenced microbial 
activity and diversity across production systems and 
rice varieties. Higher N and TOC values in the rice 
monoculture system, particularly in RP NSIC Rc 402 
(TOC = 1.72%) and RP NSIC Rc 222 (N = 0.14%), 
corresponded with higher AWCD (2.05 and 2.04, 
respectively) and Shannon index values (H′ = 3.40 
and 3.42, respectively). This indicates that nutrient-
rich soils support more active and diverse microbial 
communities due to improved substrate availability 
and organic carbon for microbial metabolism.      

Conversely, the rice–duck production system 
showed slightly lower total N and TOC, reflected in 
lower AWCD and Shannon index values (e.g., RD NSIC 
Rc 402: AWCD = 0.74; H′ = 3.07), suggesting limited 
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microbial activity under reduced nutrient availability. 
However, moderate increases in exchangeable K and 
available P under certain rice–duck treatments may 
still promote microbial functions related to nutrient 
cycling.

The interaction among production system, 
rice variety, and soil chemical properties shaped 
the activity of soil microbial communities. Rice 
monoculture generally supported higher microbial 
activity and diversity, as indicated by greater AWCD 
and Shannon index values associated with higher N 
and TOC contents. These nutrient-rich conditions 
enhanced microbial metabolism and utilization of 
diverse carbon sources. An exception was observed 
during the dry season, where NSIC Rc 222 in the 
rice–duck system showed higher AWCD than in 
monoculture, suggesting a possible varietal response. 
Future studies are recommended to assess the 
different exudates released by the roots of various 
rice varieties that might contribute to microbial 
community composition in the area. 

In contrast, the rice–duck production system 
showed slightly reduced microbial activity overall, 
likely due to changes in nutrient dynamics and 
organic inputs influenced by duck integration. 
Among rice varieties, NSIC Rc 222 and NSIC Rc 
402 maintained relatively higher microbial activity, 
suggesting that differences in root exudation and 
rhizosphere environment also contributed to shaping 
microbial functional diversity.      

Soil chemical properties strongly influence 
microbial diversity and soil health. Neutral pH 
generally supports higher diversity, while acidic 
or alkaline conditions reduce it (Luan et al., 2023). 
Organic matter enhances diversity by providing 
habitats and substrates, linking carbon content to 
microbial biomass (Bastida et al., 2021). Nutrient 
levels, particularly N and P, shape microbial 
communities, with excess N reducing diversity 
through acidification (Cheng et al., 2024). The 

chemical properties of soil play a vital role in 
influencing crop growth, yield, quality, and market 
competitiveness. Any degradation of these properties 
can lead to a decline in soil fertility, reduction of 
essential nutrients, and consequently, decreased 
overall productivity (De Paul Obade and Lal, 2016).

Conclusion and Recommendations
This study demonstrated that both rice 

monoculture and rice–duck production systems 
support functionally diverse soil microbial 
communities, as reflected by Shannon diversity index 
(H′) values above 3.0 across treatments. However, 
rice monoculture consistently exhibited slightly 
higher microbial metabolic activity and diversity 
than rice–duck integration, particularly during the 
dry season and in NSIC Rc 402 and NSIC Rc 222. 
These results suggest that the rice–duck system, 
while maintaining good microbial diversity, may 
alter microbial composition through increased soil 
disturbance and nutrient inputs from ducks.      

Soil chemical properties further help explain these 
trends. Rice monoculture systems maintained higher 
soil pH, organic carbon, available P, and exchangeable 
K, whereas rice–duck systems enhanced N 
availability during the wet season. This indicates 
that each production system has distinct effects on 
nutrient cycling dynamics, potentially driven by 
soil redox conditions, organic inputs, and biological 
activity. The use of BiOLOG EcoPlates™ effectively 
revealed functional diversity patterns, highlighting 
differences in carbon substrate utilization between 
systems and among rice varieties.      

A key limitation of this study is that BiOLOG 
EcoPlates assess functional diversity through 
community-level physiological profiles (CLPP) 
but cannot identify microbial communities at the 
species or taxonomic level. Another gap is the limited 
emphasis on functional genes and metabolic pathways 
directly linked to soil fertility as most available 

Table 3. Soil chemical analysis in two rice production systems each planted with three different rice varieties.

Rice Production 
System

pH Total N (%) Available P  
(ppm)

Exchangeable K  
(ppm)

Total Organic 
Carbon (%)

DS WS DS WS DS WS DS WS DS WS

Rice-Duck

RD NSIC Rc 160 6.74 5.79 0.09 0.11 106.40 25.37 50.71 61.20 0.92 1.40

RD NSIC Rc 222 6.79 6.05 0.09 0.11 107.84 26.70 46.46 68.79 0.92 1.35

RD NSIC Rc 402 7.03 5.85 0.08 0.13 117.86 32.24 34.74 89.86 0.88 1.39

Rice monoculture

RP NSIC Rc 160 6.75 6.07 0.13 0.09 122.05 24.12 71.28 100.98 1.50 2.05

RP NSIC Rc 222 6.52 6.99 0.14 0.11 77.09 20.22 99.08 79.35 1.69 1.38

RP NSIC Rc 402 6.45 6.88 0.15 0.09 99.70 15.28 105.10 75.63 1.72 1.24
RD = Rice + Duck; RP = Rice Production; DS = Dry Season; WS = Wet Season; NSIC= National Seed Industry Council.



Microbial Functional Diversity in Rice-Duck System

RICE-BASED BIOSYSTEMS JOURNAL (2025) 13: 31-41   39

studies and tools focus on microbial abundance rather 
than function. Nevertheless, there are opportunities 
to enhance microbial diversity in agricultural systems 
by increasing habitat heterogeneity and supporting 
varied root exudates that sustain diverse microbial 
communities.      

Both production systems sustain robust microbial 
communities and soil fertility, but their impacts 
vary seasonally and by variety. Monoculture offers 
relatively stable conditions that can support high 
microbial metabolic activity, while rice–duck systems 
provide ecological benefits such as enhanced nutrient 
cycling and integration of animal components.      

Future studies should combine functional and 
molecular analyses (e.g., 16S rRNA sequencing, 
metagenomics, and functional gene profiling) to better 
understand shifts in community composition, long-
term soil health impacts, and their linkages to crop 
productivity and environmental sustainability. Such 
approaches would clarify how specific microbial taxa 
and functional pathways respond to rice monoculture 
and rice–duck systems, and how these responses 
can be leveraged to optimize both productivity and 
ecosystem services.      
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Abstract
This paper describes the process of calibrating crop-specific genotype coefficients of hybrid rice using the Crop 

Environment Resource Synthesis (CERES)-Rice model within the Decision Support System for Agrotechnology 
Transfer (DSSAT) framework. The study aims to predict the performance of hybrid rice and parental genotypes 
across multiple environments and weather conditions in the Philippines. From parameterization to evaluation 
statistics, details of the required data inputs are presented. Tests for accuracy were conducted to validate the 
crop-specific coefficients derived from the calibration process for 14 genotypes: five rice hybrids (Mestizo 1, 
Mestiso 20, Mestiso 32, Mestiso 55, and Mestiso 73); three maintainer lines (IR58025B, IR79128B, IR68997B); 
five restorer lines (PR31559-AR32-4-3-2R, IR73013R, SN758, IR34686, TG101M); and one check genotype 
(NSIC Rc 222), all grown in both irrigated and rainfed environments. Simulation results for maturity duration 
showed high accuracy, with a normalized root mean square error (nRMSE) of less than 10% among the hybrids, 
and fair accuracy among most restorer lines (IR73013, IR34686, SN758) and maintainer line IR58025B. Grain 
yield predictions for most hybrids were near-accurate, with nRMSE values below 10%, except for Mestizo 1, 
which had a fair score. Most parental lines showed excellent to fair predictability for grain yield, except for 
maintainer lines IR58025B and IR79128B, which performed poorly (>20% nRMSE) due to typhoon damage 
during the reproductive stage. Regression analysis indicated the model’s sensitivity to climate variability and 
seasonal changes, with coefficients of determination (R²) ranging from 0.53 to 0.95 for most genotypes, except 
for IR34686 and TG101M (R² = 0.32 and 0.41, respectively). Correlation analysis (r) revealed a strong association 
between simulated and observed yields for all 14 genotypes. The index of agreement (D), which evaluates 
model performance by considering random disparities between observed and modeled data, ranged from 0.63 
to 0.90, indicating reliable performance for all crop models evaluated. Overall, tests for accuracy, predictability, 
sensitivity, and correlation all indicate that the calibration of the CERES-Rice model for hybrids and parental 
genotypes was successful.      
Keywords:  CERES-Rice Model, DSSAT, index of agreement (D), nRMSE, sensitivity analysis

temperature fluctuations can help maintain yields 
under climate change. Management practices such 
as fertilizer application, weed control, and pest 
and disease management must also be adjusted. 
Warmer temperatures, longer growing seasons, and 
increased drought intensity necessitate efficient water 
management and expanded water storage facilities.      

Rice is the most extensively grown crop and the 
staple food in the Philippines, playing a significant 
political and economic role. Providing around 35% 
of the average calorie intake, rice is crucial for the 
population’s nutrition, particularly for 60–65% of 
households in the lowest income quartile (David & 
Balisacan, 1995). Rice farming is also a primary 
source of income and employment for about 2.5 
million households (Gonzales, 2013) and supports 
millions of landless farmworkers and tens of 
thousands of merchants. Given its importance, rice 
has always been central to the government’s food 
security policies.      

Accurate crop yield prediction is vital for 
policymakers to plan internal food distribution, 

Introduction 
At the start of the 21st century, the Philippines 

began encountering disruptions to rice production 
attributed to climate change, defined as significant 
long-term variations in climate patterns due to natural 
processes or human activities (Hoogenboom et al., 
2007). Human-induced changes, such as increased 
atmospheric CO2 concentration from burning fossil 
fuels and deforestation (Fitter & Hay, 2002), have 
contributed to these disruptions. To address these 
challenges, strategies should focus on soil carbon 
sequestration through reduced tillage (Kumari et 
al., 2011), improving irrigation efficiency through 
intermittent flooding (Chidthaisong et al., 2018), 
and promoting balanced fertilization (Benbi & Brar, 
2009) to reduce greenhouse gas emissions.      

Adaptation options for farmers include adjusting 
planting and harvest dates to avoid adverse 
climate conditions and selecting shorter-maturing 
varieties to allow multiple crops per year (Wolfe 
et al., 2008). Varieties with higher tolerance to 
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implement relief measures, manage grain storage, 
set levy prices, and provide alternative employment 
in drought-affected areas (Hundal & Kaur, 1996). 
Crop production estimation can be approached 
through statistical methods, biophysical models, 
and remote sensing. Statistical models rely on 
empirical relationships, such as between grain yield 
and rainfall (Van & Wolf, 1986). Biophysical crop 
simulation models integrate knowledge of plant–
soil–atmosphere interactions to estimate agricultural 
production based on weather, soil conditions, and 
crop management (Hoogenboom et al., 2007). These 
models help analyze the effects of changes in soil 
characteristics or weather patterns in ways that 
field experiments alone cannot achieve. While field 
experiments are necessary to develop and test crop 
models, they are limited in scope and location. Crop 
simulation models can extrapolate experimental 
results across different times and places.      

Conventional rice production studies have largely 
relied on experience-based agronomic research, 
often lacking in-depth, system-level analysis. The 
knowledge-based systems approach, using dynamic 
simulation models of rice growth and cropping 
systems, integrates plant growth knowledge from 
crop physiology, agrometeorology, soil science, and 
agronomy. Properly validated models can predict 
rice responses to environmental changes and test 
alternative management options. Decision Support 
Systems for Agrotechnology Transfer (DSSAT) 
combine crop growth models with economic and 
environmental evaluations, supporting economic 
analysis and risk assessment.      

This study focused on calibrating and evaluating 
crop-specific coefficients using CERES-based 
models within the DSSAT system for hybrid rice and 
its parental lines. By testing these models through 
simulations, the study further aims to validate and 
assess their robustness and fitness across different 
seasons, years, and locations with varying climate 
and soil conditions, toward predicting hybrid rice 
yields.      

Materials and Methods
This study was conducted within the framework 

of multi-environment trials (MET) for rice across the 
Philippines, as the source of data involving registered 
hybrid rice varieties intended for commercial 
cultivation, their corresponding parents (maintainers 
and restorers/pollen parents), and an inbred check, 
NSIC Rc 222 (Table 1). Growth and phenology data 
were initially collected from one experimental site 
in the Science City of Muñoz, Nueva Ecija, during 
the 2019 dry season (DS). These data were used for 
parameterization and subsequently uploaded to the 
DSSAT-Cropping System Model (DSSAT-CSM) for 
calibration of the crop-specific or genetic coefficients 
of each experimental genotype, which were later 
subjected to validation to adjust discrepancies and 
achieve acceptable model performance. The same 
type of data was then gathered across MET locations 
(Ilocos Norte, Isabela, Davao del Sur, and Nueva 
Ecija) for further validation, which also served as 
sensitivity analysis.      

Parameterization involved inputting directly 
measured or recorded parameters (crop data, climate 
variables, soil physical and chemical characteristics, 
management practices, and inputs) into the model for 
the 2019 DS at the experimental site (Tables 2 and 3). 
The crop data included growth variables such as yield 
and yield components, and phenology data describing 
the timing of specific growth phases. Calibration 
adjusted system parameters that are difficult to 
measure directly or have significant uncertainty, such 
as crop varietal-specific coefficients. The Generalized 
Likelihood Uncertainty Estimation (GLUE) program 
within DSSAT was used to estimate these coefficients. 
GLUE identifies experiments and treatments in 
DSSAT data files with relevant measurements for 
each genotype, enabling the selection of appropriate 
data for coefficient estimation. 

The calibration process involved running 
1,000–3,000 simulations, iterating biomass, yield, 
and phenology data to achieve reliable coefficient 

Table 1. Entries for CERES-Rice DSSAT modeling.

NSIC Registry Name Commercial Name Maintainer (B) Restorer (R)/Pollen Parent

NSIC 2014 Rc 368H Mestiso 55 IR79128B PR31559-AR32-4-3-2R

NSIC 2011 Rc 250H Mestiso 32 IR68897B IR73013R

NSIC 2016 Rc 446H Mestiso 73 PRUPTG1101** SN758

PSB 1997 Rc 72H Mestizo 1 IR58025B IR34686

NSIC 2009 Rc 204H Mestiso 20 PRUPTG1101** TG101M

NSIC Rc 222 (check) Tubigan 18

**Two-line (TGMS)-based hybrid, Sterile line (S-line) not included in the trial.
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estimates, which were then validated using GLUE (He 
et al., 2010). For the CERES-Rice model, calibration 
was performed using 2019 DS data from MET sites. 
The GLUE method was applied using Bayesian 
estimation, with Monte Carlo sampling from prior 
distributions of model coefficients and a Gaussian 
likelihood function. This process helped identify the 
best-fitting parameter sets based on observed data.

During calibration, the generic rice genotype 
IR64 in DSSAT was renamed to reflect the new 
target genotype. GLUE was then used to estimate 
the relevant parameters based on the treatments and 
hybrid genotypes specified in the DSSAT experiment 
input files. Calibration was guided by actual 
field observations, specifically biomass and yield 
measurements, following the methodology of He et 
al. (2010). Simulation-based calibration was repeated 
three times to iteratively refine the parameter 
estimates, aiming to achieve the closest possible 
match between simulated outputs and observed 
values.

After calibration, the derived crop-specific 
coefficients were validated by simulating experiments 
at specific sites and years, then comparing the 
simulated outputs such as crop development, 
production, and soil water dynamics with observed 
values. Discrepancies were adjusted within reasonable 
limits (5–10% of the initial value) to achieve 
acceptable model performance. These simulations 
were compared with observed yields to assess the 
accuracy of the crop genetic coefficients. Validation 
was evaluated by comparing simulated development 
and growth characteristics with observed values and 
calculating the root mean square error (RMSE) and 
normalized RMSE (nRMSE) (Table 10). Simulation 
quality was classified as excellent (nRMSE < 10%), 
good (10% ≤ nRMSE < 20%), fair (20% ≤ nRMSE 
< 30%), or poor (nRMSE ≥ 30%) (Nyang’au et al., 
2014). The model evaluation process is detailed in 
Equation (1):      

Equation 1. Formula for RMSE and nRMSE            

Where: 	 S – simulated values
              	M- measured or actual value
               N – number of observations

The Root Mean Square Error (RMSE),  previously 
referred to as the root mean square of deviation 
(RMSD) in earlier research (Probert et al., 1998; 
Kobayashi & Salam, 2000), is widely used to validate 
simulation models, including DSSAT (Kobayashi & 
Salam, 2000; Irmak et al., 2000; Hoogenboom et al., 
1989). 

Further validation, or sensitivity analysis, was 
conducted by simulating each genotype across 

locations and seasons. Predicted yield data were 
plotted and analyzed against observed yield data 
using regression analysis to derive the coefficient 
of determination (R²), which measures how well the 
data fit the statistical model. An R² of 1 indicates a 
perfect fit, while an R² of 0 signifies no fit. A higher 
R² value indicates a better alignment between yield 
observations and the model (Gomez & Gomez, 1984). 
This procedure is detailed in Equation (2): 

Equation 2: 

A crop model is developed through a detailed 
and complex process involving several stages, such 
as understanding basic processes, constructing 
the model, estimating parameters, and evaluating 
prediction quality. At various stages of a model’s 
lifecycle, it is essential to examine the model 
independently, focusing on its behavior rather than 
its fit to a specific dataset. Sensitivity analysis, along 
with uncertainty analysis and related methods, is 
therefore crucial for modelers and users (Monod et 
al., 2006).      

Sensitivity analysis involves quantitatively 
assessing the variability or uncertainty in the model’s 
components such as parameters, input variables, and 
equations and deriving an uncertainty distribution for 
each output variable. This approach helps evaluate the 
probability that a response exceeds a certain threshold, 
rather than relying on a single potentially misleading 
value (Vose, 1996). Specifically, sensitivity analysis 
aims to determine how the output of a crop model 
responds to variations in model elements that are 
subject to uncertainty or variability (Monod et al., 
2006).      

Regression analysis is a valuable tool for 
sensitivity and uncertainty analyses, providing a 
framework to study the influence of all input factors 
simultaneously. By approximating the crop model 
under investigation, regression allows the evaluation 
of the impact of each input factor. Coefficients in the 
regression model are estimated using least squares, 
and the quality of the fit is typically assessed by R², 
which indicates the proportion of output variability 
explained by the model (Monod et al., 2006). R² is 
commonly used as a standard measure for evaluating 
how well a regression model’s predictions align 
with observed data, representing the proportion of 
variance in the dependent variable that is explained 
by the independent variables. However, its use in 
performance evaluation has been criticized because it 
does not necessarily reflect prediction accuracy (Fox, 
1981; Paruelo et al., 1998).      
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In contrast, Pearson’s sample correlation 
coefficient (r), which is closely related to R², indicates 
the strength of association between simulated 
and observed yields, highlighting the dependency 
between variables.      

An alternative measure, the index of agreement 
(D), is considered superior to both R² and r for some 
purposes. This standardized metric quantifies the 
degree of prediction error in models and is derived 
from the ratio of mean square error (MSE) to potential 
error (Willmott et al., 1985). The index of agreement 
is particularly valued for its descriptive capabilities, 
as it is a relative, bounded measure that facilitates 
cross-comparison between models (de Almeida et 
al., 2016; Wachholz de Souza et al., 2015; Yebra & 
Chuvieco, 2009).      

The index of agreement (D) ranges between 0 and 
1, where a value of 1 signifies a perfect match between 
model predictions and observed data, while a value of 
0 indicates no agreement. It serves as a normalized 
gauge of prediction error derived from MSE relative 
to the potential error, and its calculation considers 
both systematic and random disparities between 
observed and modeled data. As such, D provides a 
more comprehensive assessment by accounting for 
various sources of error and offering insights into 
the accuracy and reliability of model predictions. 
The model evaluation process using D is detailed in 
Equation (3):      

Equation 3:

Forecasting efficiency (EF) is another relative 
measure of error commonly used in the literature 
(Loague & Green, 1991; Loague & Freeze, 1985). 
Like R², EF facilitates comparison of model accuracy 
among different variables because it is unitless. EF 
equals 1 when model predictions perfectly match 
observed values (yi = xi) and is less than 1 for any 
realistic simulation. If EF is less than 0, it indicates 
that the model’s predictions are worse than using 
the mean of the observed values. Unlike R²—which 
ranges from 0 to 1 and varies with different linear 
models (e.g., y = a + bx, y = bx, or y = x)—EF is 
sensitive to outliers due to its use of a quadratic 
residual function (Klepper & Rouse, 1991).      

The CERES-Rice DSSAT Model

The CERES-Rice model simulates rice growth and 
yield under different environments and management 
strategies from transplanting to maturity, based on 
physiological processes responsive to local weather 
conditions. Required input data include daily weather 

(maximum and minimum temperature, rainfall, 
solar radiation) sourced from nearby AGROMET 
stations, soil characterization, model-derived genetic 
coefficients, and crop management information 
(planting date, seedling age, row and plant spacing, 
fertilizer and irrigation application rates and dates) 
per site. 

CERES-Rice–based models within DSSAT 
require a minimum dataset for operation, 
encompassing site data, daily weather data, soil 
properties, and crop management practices per 
site. Key crop management factors include planting 
date and depth, row spacing, plant population, 
fertilization, irrigation, residue applications, tillage, 
and harvest date.      

Results and Discussion
The genetic coefficients influencing the duration 

of vegetative and reproductive growth are presented 
in Table 8. These include the phenology coefficients 
P1, P2R, and P5, which represent basic vegetative 
growth, photoperiod response, and the growing 

Table 2. Summary description of 8 rice genetic coefficients 
(Barik et al., 2012).

Genetic 
Parameters

Description

P1 Time period (expressed as growing 
degree days (GDD) in °C above a base 
temperature of 9 °C from seedling 
emergence during which the rice plant is 
not responsive to changes in photoperiod.

P20 Critical photoperiod of the longest day 
length (in h) at which the development 
occurs at a maximum rate.

P2R The extent to which the phasis 
development leading to panicle initiation is 
delayed (expressed as GDD in °C) for each 
hour increase in photoperiod above P20.

P5 Time period in GDD °C from the beginning 
of grain filling (3-4 days after flowering) 
to physiological maturity with a base 
temperature of 9°C.

G1 Potential spikelet number coefficient as 
estimated from the number of spikelets 
per g or main culm dry weight (fewer leaf 
blades and sheath plus spikes) at anthesis

G2 Single grain weight (g) under ideal 
conditions, i.e., non-limiting light, water, 
and nutrients and absence of pests and 
diseases

G3 Tillering coefficient (scaler value) relative 
to IR64 genotype under ideal conditions

G4 Temperature tolerance coefficient, 
usually 1.0 for varieties grown in a normal 
environment
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 Table 3. The genetic coefficient of 14 genotypes; calibrated from 2019 DS dataset.

Check variety Location/Sites P1 P2R P5 P20 G1 G2 G3 G4

Hybrids  

PSB Rc 72H (M1) Isabela 624.4 54.75 772.0 11.65 69.87 0.028 1.191 0.89

NSIC Rc 204H (M20) Davao del Sur 660.5 143.5 501.6 12.89 72.62 0.03 1.033 0.81

NSIC Rc 250H (M32) Isabela 680.2 15.4 673.7 12.13 74.78 0.024 0.926 0.86

NSIC Rc 368H (M55) Nueva Ecija 688.8 211.9 246.4 11.02 73.62 0.026 1.093 0.57

NSIC Rc 446H (M73) Isabela 670.2 149.4 788.2 12.47 56.34 0.029 0.976 0.84

Parents                  

PR31559-AR32-4-3-2R Nueva Ecija 648.6 185.5 202.6 12.19 86.00 0.025 0.998 0.87

IR73013R Isabela 270.0 278.5 370.3 11.80 69.30 0.026 0.772 0.86

SN758 Nueva Ecija 562.6 283.8 209.8 12.17 63.02 0.026 1.061 0.64

IR34686 Nueva Ecija 501.2 138.6 500.0 11.98 51.71 0.024 1.156 0.71

TG102M Nueva Ecija 677.5 205.3 302.0 11.61 70.9 0.021 1.117 0.8

IR68897B Nueva Ecija 780.3 114.4 427.3 11.41 72.77 0.023 1.054 0.59

IR79128B Davao 518.3 158.8 599.1 11.12 55.26 0.028 0.782 0.84

IR58025B Nueva Ecija 488.7 184.4 674.6 11.07 73.14 0.023 0.766 0.86

Check variety                  

NSIC Rc 222 Isabela 708.2 60.04 842 11.49 68.36 0.026 1.00 0.58

Table 4. Comparison/validation between the observed and simulated model outputs of selected irrigated genotypes 2018 WS, 
Science City of Muñoz.

Genotype Phenology      Grain Yield      
(kg/ha)

Harvest       Index      

Anthesis (days 
after seeding)

Maturity (days  
after seeding)

 

 Hybrid Sim Obs nRMSE  
(%)

Sim Obs nRMSE  
(%)

Sim Obs nRMSE  
(%)

Sim Obs nRMSE 
(%)

  PSB Rc 72H (M1)  73 87 16.092 120 117 2.56 7543 6328 19.2 0.62 0.27 129.62

  NSIC Rc 204H (M20)  71 89 20.22 106 119 10.92 7134 7558 5.6 0.63 0.28 125

  NSIC Rc 250H (M32)  71 88 19.31 113 115 1.74 7138 5490 30 0.61 0.27 125.9

  NSIC Rc 368H (M55)  91 90 1.11 115 125 8 6019 7232 16.77 0.58 0.28 107

  NSIC Rc 446H (M73)  77 94 18.08 126 129 2.32 6904 7356 6.14 0.54 0.28 92.85

Maintainer Line                         

  IR68897B  81 85 4.7 113 118 4.23 6490 5925 9.53 0.57 0.3 90

  IR58025B  84 85 1.17 127 106 19.81 7235 5527 30.9 0.64 0.33 93.9

 IR79128B 81 85 4.7 120 110 9.09 7151 4611 55.08 0.58 0.29 100

Restorer Line                         

  IR34686  66 103 35.92 104 136 23.52 5215 4972 4.88 0.43 0.22 95.45

  IR73013R  74 94 21.27 101 122 17.21 6469 6880 5.97 0.64 0.29 120.69

  PR31559-AR32-4-3-2R  89 90 1.11 113 115 1.74 6416 5478 17.21 0.59 0.37 59.45

  SN758  76 96 20.83 98 131 25.19 5959 6816 12.57 0.58 0.29 100

  TG102M  89 94 5.32 113 126 10.31 6416 6425 0.14 0.59 0.27 118.51

Check Variety                        

  NSIC Rc 222  70 94 25.53 122 119 2.52 6284 8374 24.95 0.49 0.26 88.46
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Table 5.  Description of the datasets used in the sensitivity analysis in various MET sites.  

Dataset 
Number Location Trial Site Year/Season Climate Type Treatment

1 Ilocos Norte PhilRice Batac, Batac City 2019 WS 1 148-60-60

2 Ilocos Norte PhilRice Batac, Batac City 2021 WS 1 191-35-65

3 Ilocos Norte PhilRice Batac, Batac City 2021 DS 1 165-30-60

4 Isabela PhilRice Isabela, San Mateo 2019 WS 3 126.63-10.66-32.14

5 Isabela PhilRice Isabela, San Mateo 2019 DS 3 100-60-60

6 Nueva Ecija PhilRice CES, Muñoz City 2018 WS 1 120-60-30

7 Iloilo DA-WESVIARC, Iloilo City 2019 WS 3 158.3-15.8-48.9

8 Iloilo DA-WESVIARC, Iloilo City 2019 WS 3 158-15-49

9 Iloilo DA-WESVIARC, Iloilo City 2021 DS 3 159-16-31

10 Davao del Sur SPAMAST, Digos City 2019 WS 4 178.71-8.88-11.74

11 Davao del Sur SPAMAST, Digos City 2019 DS 4 100-60-60

12 Davao del Sur SPAMAST, Digos City 2021 DS 4 176-39-42

Table 6. Summary of correlation of determination (R2), 
correlation coefficient (r), and an index of agreement (D) after 
validation of selected hybrids and parents.

Variety/Entry  R2  r  D 

        Hybrid

  PSB Rc 72H (M1)  0.79 0.89 0.89

  NSIC Rc 204H (M20)  0.68 0.83 0.88

  NSIC Rc 250H (M32)  0.91 0.95 0.80

  NSIC Rc 368H (M55)  0.53 0.73 0.82

  NSIC Rc 446H (M73)  0.69 0.83 0.88

       Maintainer Line 

  IR68897B  0.63 0.80 0.84

  IR58025B  0.53 0.73 0.68

  IR 79128B 0.53 0.73 0.85

     Restorer line       

  IR34686  0.32 0.57 0.76

  IR73013R  0.91 0.95 0.90

  PR31559-AR32-4-3-2R  0.56 0.74 0.83

  SN758  0.49 0.70 0.63

  TG102M  0.41 0.64 0.81

      Check variety        

  NSIC Rc 222  0.53 0.73 0.78
The RMSE values, displayed in the scatter graphs, range from 920 to 1915 (Figures. 
1-4).

degree days required from grain filling to maturity, 
respectively. The growth coefficients G1, G2, G3, and 
G4 describe potential spikelet number, single grain 
weight, tillering capacity, and temperature tolerance. 
These coefficients were derived after calibration of 
the CERES-Rice model using observed datasets from 
Nueva Ecija, 2019 dry season (DS) (Table 9).      

Model Validation on Phenology

The crop genetic coefficients were validated by 
simulating potential yield and yield component data 
for the same test site (Science City of Muñoz, Nueva 
Ecija) but in a different season (wet season) and year, 
and comparing these simulations with observed 
data. The accuracy of the calibration procedure 
was assessed by comparing simulated development 
and growth characteristics with observed values 
and calculating the RMSE and normalized RMSE 
(nRMSE). Predicted rice yields and growth stages 
were evaluated based on an acceptable margin of 
error of 10%.      

The comparison between predicted and observed 
phenology for days to maturity showed that the 
hybrids performed excellently in simulation, with 
nRMSE values of less than 10%. Most hybrid parents 
also demonstrated excellent performance. However, 
restorer lines IR73013, IR34686, and SN758, as well 



Hybrid Rice Yield Prediction Using CERES-Rice

RICE-BASED BIOSYSTEMS JOURNAL (2025) 13: 43-53   49

as maintainer line IR58025B, exhibited less accurate 
predictions for maturity dates. These lines had 
higher nRMSE values of 17.2%, 23.5%, 25.2%, and 
25.2%, respectively, indicating fair predictability 
(Table 10).      

Model Validation on Yield

Based on the nRMSE values for yield prediction, 
most hybrids showed an acceptable margin of error, 
with nRMSE values below 20%. Most parent lines 
exhibited excellent to good predictability, although 
the maintainer lines IR58025B and IR79128B 
performed poorly, with nRMSE values exceeding 
20% and simulated yields that overestimated the 
observed data. Their poor performance may be 
attributed to Typhoon Ompong, which affected the 
experimental area with sustained winds of up to 125 
mph during the reproductive stage in September 2018 
in Muñoz City (Table 10).      

Model Validation on Harvest Index

The predictions for harvest index (HI) did not 
match the observed values for any of the genotypes, 
which contrasts with the model’s performance for 
grain yield (Table 10). Harvest index is the ratio of 
grain yield to total aboveground biomass, while crop 
water productivity refers to grain yield per unit water 
transpired. Both grain yield and water productivity 
can be improved by increasing transpiration efficiency 
or by enhancing HI (Ehlers & Goss, 2003).

In this study, observed HI values for hybrids and 
parental genotypes were significantly lower than the 
simulated values. This discrepancy can be attributed 
to the waterlogged conditions of the MET sites, 
particularly in continuously flooded areas such as 
Nueva Ecija and Isabela, which delayed senescence 
due to extended grain filling. As a result, unused 
assimilates remained in the straw (Yang & Zhang, 
2006), leading to lower HI. Delayed plant senescence, 
which results in excess non-structural carbohydrates 
in the straw, has been linked with slower grain filling 
(Zhu et al., 1988; Mi et al., 2002; Gong et al., 2005).

HI is a variable factor in crop production and 
can be improved through better water use efficiency 
(WUE) (Yang & Zhang, 2010). WUE is defined as 
grain production per unit of water applied (Yang 
& Zhang, 2010). It can be enhanced by managing 
irrigation to promote controlled soil drying, such as 

through alternate wetting and drying (AWD), which 
can increase grain yield and potentially improve HI.       

Sensitivity Analysis

Sensitivity analysis in this study was conducted 
using a regression approach, by plotting simulated 
yield against observed yield. The dataset used for this 
analysis is described in Table 11. The genotypes were 
evaluated across locations that differ in climate type, 
year, and season. The CERES-Rice models simulated 
yield based on site-specific weather, soil conditions, 
and crop management treatments corresponding to 
these observed datasets. Simulated yields were then 
compared with observed yields using regression 
analysis. 

Scatter plots showed that the R² (coefficient of 
determination) values indicated a generally good to 
near-perfect fit for most genotypes, except for parents 
IR34686 and TG102M (Table 12). The quality of fit 
was evaluated by comparing the points to the 1:1 
regression line (Figures 1-4).      

All genotypes fell within the acceptable range 
for the index of agreement (D), commonly defined 
as values greater than 0.5. In this study, D values 
ranged from 0.6 to 0.9, indicating a high degree of 
model performance (Table 12). Notably, the restorer 
line IR73013R exhibited the highest statistical values 
for R², r, and D (0.91, 0.95, and 0.90, respectively), 
underscoring its exceptional adaptability across 
environments. Mestizo 1 followed closely. These 
findings suggest both robustness of the model and 
adaptability of these genotypes across diverse 
conditions. 

Among the genotypes analyzed, Mestiso 73, 
Mestiso 32, and IR68897B were the only ones 
showing good fit in terms of forecasting efficiency 
(EF), with values of 0.53, 0.61, and 0.61, respectively 
(Figures 1–2). The other genotypes had lower EF 
values, likely due to the presence of outliers in their 
datasets.      

Additionally, yield prediction, as illustrated in the 
scatter plots, varied according to climate type, soil 
condition, and nutrient management. The observed 
correlation between simulated and observed yields, 
across these varying environments, supports the 
robustness of the CERES-Rice model for hybrid and 
parental genotypes.      
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Figure 1a-1f. Scatter plots for the simulated vs. observed yield of the hybrids and check 
(NSIC Rc222) across MET sites, WS 2018 – WS 2021. 

Fig 2a-2c. Scatter plots for the 
simulated vs. observed yield 
of the parents (maintainer line) 
across MET sites, WS 2018 -      
WS 2021. 
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poor performance (nRMSE > 20%). This poor 
performance was traceable to the impact of Typhoon 
Ompong, which affected the experiments during the 
reproductive stage in September 2018.      

Simulated harvest index (HI) did not align well 
with the observed data for any of the test genotypes, 
likely due to the waterlogged conditions under which 
the crops were cultivated. Under such conditions, 
HI may remain relatively constant, although it can 
be improved through enhanced water use efficiency 
(WUE) via controlled or intermittent soil drying (e.g., 
AWD), which may increase grain yield.      

Sensitivity analysis further showed positive 
outcomes. Regression analysis indicated that the crop 
models for hybrids and parents, simulated across 
locations, seasons, and years, were responsive to 

Figure 3a-3e.  Scatter plots for the simulated vs. observed yield of the parents (restorer lines) 
across MET sites, WS 2018 - WS 2021.

Figure 4. Scatter plot for the simulated vs. observed yield of 
NSIC Rc222 (check variety), WS 2018-WS 2021.

Conclusion 
The validation results of the CERES-Rice models 

for five hybrids indicate that the models provided 
excellent predictions for maturity (phenology), with 
nRMSE values of less than 10%. While most hybrid 
parents also demonstrated excellent predictive 
accuracy (nRMSE < 10%), some, particularly the 
restorer lines IR34686, IR73013R, and SN758 and the 
maintainer line IR58025B, showed fair performance, 
with underestimation of maturity dates.      

For grain yield predictions, most hybrids 
achieved excellent accuracy, with nRMSE values 
below 10%. However, Mestizo 1 exhibited only fair 
predictability. Most parent lines showed excellent 
to fair predictability, except for the maintainer 
lines IR58025B and IR79128B, which showed 
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climate variability and seasonal changes. R² values 
indicated a good to near-perfect fit for most genotypes, 
except for IR34686 and TG102M. The correlation 
coefficient (r) showed a strong association between 
simulated and observed yields for all 14 genotypes, 
with none falling below 0.5. The index of agreement 
(D) ranged from 0.63 to 0.90, above the typical 
acceptability threshold of 0.5, indicating acceptable 
model performance across all crop models.      

However, EF did not always align with D, 
likely due to EF’s sensitivity to outliers. Only 
three genotypes—Mestiso 73, Mestiso 32, and 
IR68897B—showed acceptable EF values (0.53, 0.61, 
and 0.61, respectively).

 The calibrated CERES-Rice models, validated 
and tested for sensitivity across diverse locations 
and climate conditions, can be considered robust, 
particularly when evaluated using the index of 
agreement (D), which effectively captures additive 
and proportional differences between the means 
and variances of observed and simulated yields. 
These crop models are recommended for use in 
predicting yields in target environments before 
planting, provided that minimum datasets are 
properly encoded in the DSSAT-CSM system. The 
models can serve as valuable decision-support tools 
for crop genetic improvement and crop management. 
Further simulations using these crop models in 
additional multi-location trials across the country 
are recommended to further refine model fitness and 
applicability.      
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Abstract
Rising rice production costs in the Philippines exacerbated by erratic weather patterns, declining soil fertility, 

and volatile market prices, underscore the need for crop diversification in rice-based farming systems. Peanut 
(Arachis hypogaea), as a rotational crop, enhances soil fertility through biological nitrogen fixation and provides 
an additional income stream for farmers. However, the lack of suitable mechanized seeding technologies limits 
efficient peanut production, particularly for smallholder farmers. This study evaluated the PhilRice Multi-Crop 
Reduced-Till Planter (MCRTP) for mechanized peanut seeding. A baseline survey indicated common farmer 
practices, including a seeding rate of 50–60 kg ha-1 and a row spacing of 50 cm. Initial calibration revealed kernel 
damage when standard metering plates were used, prompting the adoption of plastic seed-metering components. 
Field trials showed that while the machine operated satisfactorily, the seeding rate (35.44 kg ha-1) remained below 
the target range due to metering plate limitations. Nonetheless, performance testing demonstrated the MCRTP’s 
adaptability for multi-crop use, achieving a field capacity of 0.39 ha hr-1 (3.11 ha day-1) and a field efficiency 
of 60.17%, surpassing the 55% benchmark for similar equipment. Further improvements such as optimizing 
metering plate geometry and adjusting the hopper angle are needed to improve seeding rate accuracy. Future 
studies should also explore reduced mechanized seeding rates (20–50 kg ha-1) to determine the minimum rate 
that maintains plant population and yield. Overall, the MCRTP shows strong potential as a practical mechanized 
seeding solution for peanut establishment in diversified rice-based systems.
Keywords: crop diversification, high value crops, mechanization, multi-crop reduced-till planter, peanut 

Introduction
Rice remains the primary staple food in the 

Philippines, sustaining millions of farmers and 
consumers. However, rice production has become 
increasingly vulnerable due to fluctuating weather 
patterns, climatic variability, soil nutrient depletion, 
and market instability. These factors contribute to 
declining yields and rising production costs, creating 
economic pressure on farmers and threatening the 
country’s rice supply.      

Crop diversification is recognized as a key 
strategy for improving resilience in rice-based 
systems. It enhances ecological stability, spreads 
risk across different crops, and supports soil health 
through nutrient cycling (Ijaz et al., 2019). Diversified 
farms often outcompete monocropped rice systems 
in terms of net returns, especially in marginal and 
rainfed areas (Pede et al., 2024). High-value legumes 
such as peanut (Arachis hypogaea L.) are particularly 
promising due to their nitrogen-fixing capacity, 
market demand, and suitability for dry-season 
planting (Guzman et al., 2011).      

Despite its potential, peanut production in the 
Philippines remains constrained by labor-intensive 
seeding practices and limited access to mechanized 
planters (Launio et al., 2018). International studies 
have developed precision metering technologies for 
peanut planting, including vacuum and disk systems 
(Zhao et al., 2022; Guo et al., 2025). Locally, the 
Philippine Rice Research Institute (PhilRice) has 
developed affordable multi-purpose planters for rice, 
corn, and mungbean (Pascual et al., 2022), though 
these have not yet been evaluated for peanut.      

Given the economic and agronomic importance of 
peanut and the need for cost-efficient mechanization, 
this study assessed the adaptability and field 
performance of the PhilRice Multi-Crop Reduced-
Till Planter (MCRTP) for peanut seeding. The study 
aimed to (1) determine the machine’s operational 
performance, (2) evaluate the suitability of existing 
metering plates for peanut seeds, and (3) identify areas 
for design improvement to support wider adoption in 
diversified rice-based systems.           

RESEARCH NOTE
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Materials and Methods 
Machine Adaptation and Preliminary 
Assessment 

Interest in adapting the MCRTP for peanuts 
emerged after a visit by the Aramal Tocok FFF-
MPC cooperative to PhilRice. Although originally 
developed for rice and later tested for corn and 
mungbean, the MCRTP had not previously been 
evaluated for peanut seeding. A validation activity 
was conducted in San Fabian, Pangasinan, a site 
characterized by sandy loam soil—an optimal texture 
for peanut growth (Collado et al., 2013). A baseline 
survey documented existing farmer practices, which 
served as benchmarks during machine calibration.

Machine Testing, Calibration, and Fine-Tuning

Calibration trials were conducted at PhilRice 
using peanut seeds sourced from the validation site. 
Rice and corn metering plates were initially tested 
following Pascual et al. (2022). Plastic metering 
components were adopted to prevent kernel cracking, 
with calibration performed across four rows (rows 1, 
5, 7, and 9) at 50 cm spacing. 

The seeding rate was determined using seed 
discharge obtained from ten revolutions of the 0.37 
m diameter drive wheel (11.6 m travel distance; 
2 m effective width). Laboratory calibration was 
exploratory and served only to refine machine 
settings prior to field testing.      

Following laboratory adjustments, field trials 
were implemented on two farmer-managed plots (200 
m² and 450 m²). Observations included row spacing, 
seed depth, hill spacing, seeds per hill, percentage 
of missing hills, seed damage, and distribution 
uniformity. Farmer feedback on ergonomics, 
handling, and maneuverability was also recorded.      

Machine Fabrication and AMTEC Testing

Modifications to the seed metering plate and 
depth control mechanism were finalized and 
fabricated by ACT Machineries, Inc. The MCRTP 
then underwent standardized performance evaluation 
at the Agricultural Machinery Testing and Evaluation 
Center (AMTEC) test site in Cauayan, Isabela 
(1,550 m² test area). In the absence of a Philippine 
Agricultural Engineering Standard (PAES) specific 
to peanut seeders, evaluation emphasized uniformity, 
seed integrity, and reduced soil disturbance.      

Technology Deployment

Following evaluation, the MCRTP was deployed 
to Aramal Tocok FFF-MPC for field use. Cooperative 

operators were trained on machine operation and 
maintenance. Performance monitoring and feedback 
collection continued under real farm conditions.      

Data Collection and Analysis

Seeding Rate. Seeding rate was calculated using 
standard MCRTP computations (Pascual et al., 2022):      

	 C = πD(10 revolutions of the drive wheel)	 (1)

D = diameter of the drive wheel

The seeding rate was calculated using the 
following data:

	                     	
(2)

Sw = the total weight of seed released in 10 
revolutions of the drive wheel (g)

Cd = divided by the product of drive wheel 
circumference

Wd = width of the machine (m)

This study did not employ inferential statistics. 
Results are descriptive, based on observed values 
from pilot trials intended to establish feasibility and 
shape follow-up designs.

Results and Discussion
Field Testing and Calibration 

San Fabian farmers in Pangasinan typically plant 
peanuts twice per season using manual methods, with 
50 cm row spacing and seeding rates of 50–60 kg  
ha-¹. The soil, a clay loam Alfisol with shrink–swell 
properties, is common in areas with pronounced wet 
and dry seasons (Collado et al., 2013). 

Initial calibration produced a seeding rate of 
25.86 kg ha-¹, which is lower than farmer practice but 
comparable to ranges reported in studies of metering 
mechanisms for peanut (Prajapati et al., 2020). This 
suggests functional viability but signals the need for 
optimization.

Field trials showed satisfactory machine 
operation, with no missing hills, seed damage, or 
traction issues. Farmer observations highlighted the 
effectiveness of the line seeding, furrow opener, and 
furrow closer. Using the corn seed plate produced 
a seeding rate of 30.77 kg ha-¹, while the rice plate 
produced an excessive rate of 278 kg ha-¹ due to its 
16 holes spaced at 2.80 cm, compared to 7 holes at 
6.50 cm for the corn/mungbean plate. These findings 
indicate that peanut-specific metering plates are 
necessary for accurate delivery.
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Field Testing Using the Modified MCRTP

AMTEC evaluation confirmed the operational 
suitability of the MCRTP for mechanized peanut 
planting. The machine achieved an actual field 
capacity of 0.39 ha hr-¹ (3.11 ha day-¹) and a field 
efficiency of 60.17%, exceeding the 55% benchmark 
for tractor-powered row-crop planters. The achieved 

Figure 1. Isometric drawing of the MCRTP and its seed delivery component.

Table 1. Summary of the AMTEC test results for the MCRTP in peanut seeding.

Performance Criteria Requirement as per 
PAES 122:2001

AMTEC Test

Actual Field Capacity, ha/hr 0.40a 0.39

Delivery Rate, kg/ha NDa 35.44

Uniformity of work NDb

a. row spacing, mm NDb 311 +/- 3.54

b. depth of seeding, mm NDb 71 +/- 8.08

c. distance between hills, mm NDb 242 +/- 80.68

d. number of seeds per hill NDb 1.00

e. damaged seed, % NDb 0.00

f. missing hill, % NDb 37.60

Field Efficiency, %, minimum 55.00c 60.17

Legend:
a as specified by the test applicant
b not specified by the test applicant
c requirement for tractor power-driven with row-crop planter with fertilizer applicator
Note: ND- No Data

seeding rate (35.44 kg ha-¹) was 29.12% below the 
target, but adjusting the metering strip to a 45° angle 
may increase the rate.  Other performance indicators 
such as row spacing, depth, hill spacing, seed count 
per hill, seed damage, and missing hills were within 
acceptable operational ranges (Table 1). These 
findings demonstrate good adaptability to rice-based 
cropping systems.      
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Figure 2. Field testing of the MCRTP in Cauayan, Isabela.

Table 2. Other observations during the AMTEC test results for the MCRTP in peanut seeding.

Parameter Observation / Specification

General specifications

Prime mover 34.0 kW ARBOS P504-3 Four-Wheel Tractor

Number of operators One

Hoppers utilized 5 of 9 available

Field operation and performance

Travel path Seeder traveled a relatively straight path when hitched

Turning stability Stable when lifted via the tractor’s three-point linkage

Refilling Not required during the test operation

Failures/abnormalities None observed

Adjustability and controls

Seed discharge rate Adjusted by replacing the seed plate

Seeding depth Controlled via the tractor’s position control lever

Row spacing Adjusted by moving the furrow opener assembly laterally

Independent row suspension Not provided

Construction and safety

Primary materials Steel frame; 303/304 stainless steel hoppers; iron/carbon 
steel furrow opener and wheel

Seed plate Locally fabricated and replaceable

Ease of handling Operator could maneuver the machine without issues

Blockages None occurred during testing

Manufacturing quality Free from defects, sharp edges, and properly painted

Safety notices Not provided on the seeder

Remarks

Fertilizer applicator Equipped but not tested
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Conclusion
Field evaluation of the MCRTP demonstrated that 

the machine can satisfactorily establish peanut crops 
within rice-based systems, operating with minimal 
missing hills, negligible seed damage, and a field 
efficiency of 60.17%, which exceeds the benchmark 
for comparable equipment. Although the achieved 
seeding rates (30.77–35.44 kg ha-¹) were lower than 
the farmer-preferred 50–60 kg ha-¹, the machine’s 
consistent seed placement, stable traction, and 
reliable row formation indicate functional suitability 
for mechanized peanut establishment. Determining 
whether these reduced seeding rates are agronomically 
acceptable now requires yield assessment under field 
conditions. 

The findings support the MCRTP as a viable 
mechanized option for peanut planting, provided 
that further refinements—particularly in metering 
plate geometry and hopper angle—are undertaken 
to improve seeding rate accuracy. Future research 
should include multi-site, multi-season trials that 
jointly evaluate emergence, plant population, 
yield performance, and cost efficiency to guide 
recommendations for broader adoption in diversified 
rice-based systems.      
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Abstract
Efficient detection of the nifH gene is essential for characterizing nitrogen-fixing bacteria in agricultural 

soils, including rice paddies under varying nitrogen (N) conditions. This study aimed to optimize Polymerase 
Chain Reaction (PCR) conditions, specifically primer selection, annealing temperature, and cycling parameters, 
for reliable amplification of nifH genes in bacterial isolates collected from rice fields with low and sufficient 
N inputs. Seven primer sets were tested under three annealing temperatures (52.5°C, 55.0°C, and 57.5°C). 
Amplification success was assessed by agarose gel electrophoresis. Among the temperatures tested, 52.5°C 
consistently supported successful amplification for most primer sets. Primer 5 (nifH-g1-forB/rev) showed specific 
and reproducible amplification at 52.5°C, whereas the performance of other primers varied across temperature 
treatments. DNA extracted from isolates collected across sites and nitrogen regimes showed successful nifH gene 
detection. All nif-positive samples were further amplified using 16S rDNA primers for validation. The optimized 
PCR protocol enhances the sensitivity and accuracy of nif gene detection. The findings support robust profiling 
of diazotrophic communities that are important for sustainable agriculture and soil fertility management.      
Keywords: functional gene detection, nifH gene, nitrogen-fixing bacteria, PCR optimization, soil microbriome

Introduction 
The Polymerase Chain Reaction (PCR) is a 

cornerstone of molecular biology because of its ability 
to selectively amplify specific DNA sequences. Its 
reliability and efficiency, however, depend strongly 
on the optimization of reaction parameters such 
as annealing temperature, primer concentration, 
magnesium ion concentration, enzyme type, and cycle 
number. Inadequate optimization can result in non-
specific amplification, low DNA yield, or complete 
reaction failure, thereby compromising downstream 
analyses (Dieffenbach & Dveksler, 2003; Kennedy & 
Oswald, 2011).

Optimization becomes particularly critical when 
detecting functional genes such as nif genes, which 
encode components of the nitrogenase enzyme 
complex involved in biological nitrogen fixation. 
These genes are widely used as molecular markers for 
studying diazotrophic microorganisms in agricultural 
soils, rhizospheres, and other ecological niches, and 
are important indicators for sustainable agriculture 
and ecosystem nitrogen cycling. Precise amplification 
of nif genes is therefore vital for characterizing 
nitrogen-fixing microbial communities.      

Amplification of nif genes presents unique 
challenges. Sequence variability across bacterial 

taxa and often low template concentrations in 
environmental samples demand highly specific and 
sensitive PCR protocols. Poorly optimized assays 
may yield inconsistent or non-specific amplification 
and misrepresent the presence or abundance of nif-
carrying microbes (Asif et al., 2021). PCR success 
depends largely on the efficiency and specificity of 
primer–target interactions and on reaction conditions 
that support those interactions. 

In this study, available amplification protocols 
were evaluated for primers designed to target nif 
genes. The amplification performance of these 
primer sequences was assessed to determine their 
reliability and reproducibility. A systematic approach 
to PCR optimization tailored to nif gene detection is 
crucial to ensure accurate, reproducible results that 
support microbial profiling, ecological assessments, 
and biotechnological applications in agriculture and 
environmental monitoring. The general objective of 
this study was to optimize PCR reaction conditions 
including annealing temperature and primer sets, 
for specific and efficient detection of nif genes in 
environmental microbial samples; thereby, enhancing 
the accuracy and reproducibility of nitrogen-fixing 
bacterial identification.      
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Materials and Methods
Bacterial Genomic DNA Extraction

Purified bacterial isolates from Burk’s agar plates 
were transferred into test tubes containing Burk’s broth 
and incubated at 37°C overnight to ensure sufficient 
growth. For DNA extraction, 1000 µL of Burk’s broth 
was placed into sterilized microcentrifuge tubes, and 
each isolate was inoculated using sterilized sticks. 
The cultures were incubated overnight at 30°C with 
shaking, then centrifuged to harvest the cells. Pellets 
were resuspended in an extraction buffer, vortexed, 
and incubated at 65°C for 1 h. Potassium acetate 
was added, and the samples were chilled on ice, then 
centrifuged. The lysate was transferred to new tubes, 
and DNA was precipitated using ice-cold isopropanol. 
After centrifugation, the DNA pellets were washed 
with 70% ethanol, air-dried, and resuspended 
in TE buffer. DNA was extracted following the 
method of Hoorzook and Barnard (2022) with slight 
modifications and extracted DNA was stored at -20°C 
(Nguyen et al., 2018).

DNA Quantification and DNA  
Quality Checking 

The concentration and purity of the extracted 
DNA were measured using a spectrophotometer by 
recording absorbance at 260 nm and 280 nm based on 
the protocol by Sambrook et al. (1989). The 260/280 
ratio was used to assess protein contamination. The TE 
buffer was the blank for calibration before measuring 
each 2 µL DNA sample. To evaluate DNA quality, 
a 1.5% agarose gel electrophoresis was performed. 
Agarose was dissolved in a 1X TAE buffer, cooled, 
and mixed with a nucleic acid stain before being 
poured into a gel tray. DNA samples were mixed with 
loading dye, briefly centrifuged, and loaded into the 
gel wells alongside lambda DNA (50 ng and 100 ng) 
and a 1 kb ladder. The gel was run for 1 hour and 
visualized using a gel documentation system.

Polymerase Chain Reaction (PCR) 
Optimization and Checking of Bands using 
Agarose Gel Electrophoresis

For PCR optimization, working stocks of DNA 
were prepared by diluting the extracted DNA to 
approximately 100 ng/µL. Then, 2 µL of each DNA 
sample was pipetted into a labeled 96-well PCR plate. 
The amplification efficiency and specificity of seven 
(7) primer sets (Table 1), designated Primer 1 through 
Primer 7, were evaluated, using a standardized 
annealing temperature of 52.5°C. The seven primer 
sets were selected based on their reported specificity 
and successful application on previous studies 
involving soil microbiomes and nitrogen-fixing 
bacterial communities associated with rice. Each 
primer pair targets functionally relevant genes to 

capture key microbial groups involved in nitrogen 
cycling. Primer 3 is a 165S rDNA gene primer used 
as control or check for primers. A negative control 
labeled “BLANK,” containing all PCR reagents 
except for the DNA template, was included to detect 
potential contamination or non-specific amplification. 
A 1-kilobase (kb) DNA ladder was loaded in the 
leftmost lane of each gel section to serve as a 
molecular size marker, allowing accurate estimation 
of the amplified product sizes.

PCR amplification was performed in a total 
reaction volume of 7.5 µL. Each reaction mixture 
contained 1X PCR Buffer, 0.5 mM MgCI2, 0.1 mM 
dNTP, 0.5 uM of each forward and reverse primer, 
0.2 u of of Taq DNA Polymerase and adjusted volume 
to 7.5 ul using water.

After preparing the PCR master mix, it was gently 
vortexed and briefly centrifuged to collect the contents 
at the bottom of the tube. The appropriate volume of 
the PCR mix was then added to each well of the PCR 
plate containing 2 µL of DNA template. The plate 
was centrifuged briefly to ensure all contents settled 
at the bottom.

PCR amplification was performed using a 
thermal cycler with the following program: an 
initial denaturation at 95°C for 2 min; 35 cycles of 
denaturation at 95°C for 15 sec; annealing under three 
annealing temperatures (52°C, 55°C, and 57°C) for  
15 sec; extension at 72°C for 2 min; followed by a 
final extension at 72°C for 5 min. The reactions were 
then held at 4°C.

Image Analysis and Statistics

Band intensities were quantified using ImageJ/
FIJI by measuring integrated density or mean gray 
value of each band. For each gel, a blank or empty 
lane was used to estimate background signal. 
Band intensity was corrected by subtracting each 
band’s raw gray mean value to gray mean value of 
estimated background signal (Tomlinson et al. 2024), 
using the formula: Corrected Band Intensity = Raw 
Band Intensity – Blank Intensity. Corrected band 
intensities were then normalized to the reference 
band (ladder band of the expected product size of 
the primer used) to correct variability in loading or 
imaging. Normalized intensity was computed using 
the formula: Normalized Intensity = Corrected Band 
Intensity / Ladder Band Intensity. This approach was 
analogous to the quantitative densitometry used in 
gel electrophoresis analysis of Vohradský and Pánek 
(1993). Analysis of variance (ANOVA) was performed 
to compare mean gray values of bands across isolates, 
primer sets, and annealing temperatures. A t-test was 
used to compare the mean gray value of visible bands 
obtained using nif and 16S primers. 
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Table 1. Primer sequences used for PCR optimization.

Primer 
Number

Primer  
Name Primer Sequences Molecular 

Weight
Expected 
Product Size References

Primer 1

27F 5′-AGAGTTTGATCMTGGCTCAG-3′ 6,160.0

1,500 bp

Screening of nitrogen 
fixing endophytic 
bacteria in Oryza sativa 
L. (Hongrittipun et al., 
2014)

1525R 5′-AAGGAGGTGWTCC ARCC-3′ 5,232.0

Primer 2

357F 5′-CTCCTACGAGGCAGG-3′ 4,578.0

1,000-1,400 bp

Screening of nitrogen 
fixing endophytic 
bacteria in Oryza sativa 
L. (Hongrittipun et al., 
2014)

1392R 5′-ACGGGCGGTGTGTAC-3′ 4,649.1

Primer 3
16SF 5’-AGAGTTTGATCCTGGCTCAG-3’ 6,148.0

1,500 bp

Selection of nitrogen 
fixation and phosphate 
solubilizing bacteria 
from cultivating soil 
samples of Hung Yen 
province in Vietnam (Ha 
et al., 2020)16SR 5’-TACGGTTACCTTGTTACGACTT-3’ 6,691.4

Primer 4

PPf 5’-GCAAGTCCACCACCTCC-3’ 5,060.3

350-400 bp

Molecular 
characterization of 
free-living N₂-fixing 
bacteria isolated from 
agricultural soils of 
North Gujarat, India 
(Patel et al., 2022)

PPr 5’-TCGCGTGGACCTTGTTG-3’ 5,208.4

Primer 5
nifH-g1-forB 5′-GGTTGTGACCCGAAAGCTGA-3′ 6,182.1

359-370 bp

Putative nitrogen-fixing 
bacteria associated with 
the rhizosphere and root 
endosphere of wheat 
plants grown in an 
Andisol from southern 
Chile (Rilling et al., 2018)nifH-g1-rev 5′-GCGTACATGGCCATCATCTC-3′ 6,053.0

Primer 6
FGPS6F 5’-GGAGAGTTAGATCTTGGCTCAG-3’ 6,830.5

1,500 bp

Isolation, identification 
and characterization 
of efficient free-living 
nitrogen-fixing bacteria 
from rice rhizosphere 
ecosystem (Bandeppa 
et a., 2019)FGPS1509R 5’-AAGGAGGGGATCCAGCCGCA-3’ 6,201.1

Primer 7

27F 5′-AGAGTTTGATCCTGGCTCAG-3′ 6,148.0

1,500 bp

Isolation and 
identification of 
phosphate-solubilizing 
and nitrogen-fixing 
bacteria from Lake 
Ol’Bolossat sediments, 
Kenya (Wafula & 
Murunga, 2020)

1492R 5′-GGTTACCTTGTTACGACTT-3′ 5,784.8

Results and Discussion
Comparison of nifH Gene Amplification 
Between Different Annealing Temperatures

DNA templates used in the reactions were 
extracted from soil-derived bacterial isolates 
collected from two experimental stations of PhilRice: 
Central Experiment Station (CES) and PhilRice 
Negros. Samples labeled SN2, SN5, SN11, SN12, 
SN13, and SN14 represent DNA from CES grown 
under sufficient N input. Samples SNN1, SNN3, 
and SNN5 represent DNA extracted from PhilRice 

Negros under sufficient N input, whereas LNN1 
and LNN8 represent DNA extracted from PhilRice 
Negros under low N input.       

Agarose gel electrophoresis (AGE) results show 
successful amplification for most primer sets using 
52.5°C as annealing temperature (Figure 1). Clear, 
distinct bands of the expected sizes were observed for 
Primer 1 (27F & 1525R), Primer 3 (16SF & 16SR), 
Primer 6 (FGPS6 & FGPS1509), and Primer 7 (27F 
& 1492R), indicating high specificity and strong 
amplification efficiency. Primer 5, which targets 
a region of the nif H gene using nifH-g1-forB and 
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nifH-g1-rev primers, also produced clearly visible 
amplification products, confirming its effectiveness 
under the chosen conditions. Notably, all BLANK 
lanes showed no amplification, confirming that 
there was no contamination and that non-template-
dependent amplification did not occur. Using the same 
set of 7 primers under higher annealing temperature, 
AGE results indicate successful amplification for 
most primer sets at 55°C. 

Distinct bands of the expected sizes were 
consistently observed for Primer 1, Primer 3, Primer 6, 
and Primer 7, indicating high specificity and efficient 
amplification. Primer 5 (nifH-g1-forB & nifH-g1-rev) 
SN2, SN5, and SN11 are the only samples able to 
yield clear amplification products. For the same seven 
primer sets under an elevated annealing temperature 
of 57.5°C, the gel electrophoresis results reveal 
continued successful amplification for Primer 3 and 
Primer 7, with clear and specific bands of expected 
sizes, indicating good amplification performance. 
Primer 5 (nifH-g1-forB & nifH-g1-rev) yielded no 
visible PCR bands, suggesting reduced efficiency 

or specificity at this higher temperature. Similarly, 
Primer 2 and Primer 4 showed no amplification across 
all samples, indicating suboptimal performance 
under these conditions. Importantly, all BLANK 
lanes remained band-free, confirming the absence of 
contamination or non-template amplification. These 
findings suggest that while 57.5°C supports efficient 
and specific amplification for most primer sets, it may 
not be optimal for all, particularly those targeting nif 
genes or less conserved regions.

The analysis of variance of normalized band 
intensity revealed highly significant effects (p < 
0.01) of temperature, primer, and isolate. Significant 
interaction effects (p < 0.01) were also observed 
between temperature and isolate, as well as between 
primer and isolate. In contrast, the interaction 
between temperature and primer was not statistically 
significant. 

The normalized mean gray values of bands 
amplified at three different annealing temperatures 
(52.5, 55, and 57.5°C) are shown in Figure 2. The 

Figure 1. PCR optimization of seven 
primers using 57.5°C as annealing 
temperature and a 1 kb ladder as a 
molecular size marker. *SN samples 
– PhilRice CES Sufficient N input; LN 
samples – PhilRice CES low N input. 
*SNN samples – PhilRice Negros 
Sufficient N input; LNN samples – 
PhilRice Negros low N input.
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highest band intensity was observed at 52.5°C, 
with a mean gray value of approximately 5.0. Its 
band intensity is significantly higher than the two 
annealing temperatures, 55 and 57.5°C, indicating 
optimal primer annealing and efficient amplification 
under these conditions. These results highlight the 
importance of optimizing annealing temperature in 
PCR protocols, as suboptimal temperatures can lead 
to reduced yield or weak band intensity, potentially 
compromising downstream analysis. Overall, 52.5°C 
appears to be the most suitable annealing temperature 
for the seven primer sets used in this study, providing 
the strongest and most consistent amplification signal. 

The normalized mean gray values of bands varied 
significantly among the seven primers tested (Figure 
3), indicating differences in amplification efficiency. 
Primer 3 produced the highest mean gray value (~5.5), 
significantly greater than all other primers except 
Primer 7. Primer 5 also showed relatively high band 
intensity that are significantly different from most 
other primers. Primer 4 and 2 exhibited the lowest 
mean gray values, suggesting poor amplification 
efficiency. Intermediate performance was observed 
for Primers 1 and 6, indicating moderate amplification 
capacity. The statistical analysis revealed five distinct 
groupings, which support the idea that primer 
selection has a significant effect on band intensity and 
PCR success. These results emphasize the importance 

of primer screening during PCR optimization. 
Primers such as Primer 3 and 5 may be preferred 
for downstream applications requiring strong and 
consistent amplification, whereas poorly performing 
primers may need redesign or further validation. 

Comparison of nifH Gene Amplification 
Between Seven Primer Sets

Detecting nif genes using an annealing temperature 
of 52.5°C resulted in visible bands in across samples 
or isolates (Figure 4). From the PhilRice CES site 
under sufficient-N input, nif gene amplification was 
detected in samples SN2, SN5, SN10, SN11, SN12, 
SN14, and SN21. Under low-N input, bands were 
observed in samples LN7, LN10, LN11, and LN14. 
At PhilRice Negros, nif amplification was observed 
in samples SNN2, SNN3, SNN5, and SNN7 under 
sufficient-N input, and in samples LNN3, LNN4, 
LNN8, and LNN9 under low-N input. 

All nif-positive samples were subsequently 
subjected to PCR amplification using 16S rDNA 
gene primers. Optimal amplification was observed at 
52.5°C as annealing temperature (Figure 5), suitable 
for sequencing for molecular identification. No 
significant difference between the gray mean values 
of visible bands amplified using nifH and 16S rDNA 
primers. 

Figure 2. Normalized mean gray values of bands generated using seven 
primers at annealing temperatures of 52.5, 55, and 57.5 °C.

Figure 3. Normalized mean gray values of bands generated across seven primers. 
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Figure 4. PCR detection of nif gene primers using 52.5°C as annealing 
temperature and a 1 kb ladder as a molecular size marker. *SN samples – 
PhilRice CES Sufficient N input; LN samples – PhilRice CES low N input. 
*SNN samples – PhilRice Negros Sufficient N input; LNN samples – PhilRice 
Negros low N input.

Figure 5. PCR amplification of 16SF and 16SR primers using 52.5°C as 
annealing temperature and a 1 kb ladder as a molecular size marker. *SN 
samples – PhilRice CES Sufficient N input; LN samples – PhilRice CES low 
N input. *SNN samples – PhilRice Negros Sufficient N input; LNN samples – 
PhilRice Negros low N input.



PCR Optimization for nifH Gene Detection in Nitrogen-Fixing Bacteria

RICE-BASED BIOSYSTEMS JOURNAL (2025) 13: 61-67  67

Conclusion 
This study successfully optimized PCR 

conditions for amplifying the nifH gene in nitrogen-
fixing bacterial isolates from rice fields with 
different nitrogen inputs. Among the seven primer 
sets tested, Primer 5 (nifH-g1-forB/rev) consistently 
demonstrated effective and specific amplification of 
nif H genes, particularly at an annealing temperature 
of 52.5°C. Optimal amplification was also observed 
for 16S rRNA primers but need further verification 
from DNA sequencing. This supports downstream 
molecular identification of the isolates. Using samples 
from low and sufficient nitrogen input conditions 
allows the identification of nif-positive isolates across 
diverse soil environments. This study’s successful 
optimization of PCR conditions enables reliable 
detection of functional genes and accurate profiling 
of diazotrophic communities, which are essential for 
sustainable agriculture. 
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Abstract
This study supports the government’s goal of transforming Philippine agriculture to improve farmers’ 

welfare through modernization, including digital agriculture and targeted interventions. It applied, but did not 
develop, an outcome-based Monitoring, Evaluation, and Learning (MEL) framework to assess the effectiveness 
of Department of Agriculture (DA) programs in Central Luzon, the country’s major rice-producing region. A 
total of 1,460 rice farmers across seven provinces were surveyed during the 2023 wet season using proportionate 
random sampling from the Registry System for Basic Sectors in Agriculture (RSBSA). Data on Rice Crop 
Manager Advisory Service (RCMAS) uptake, seed and fertilizer assistance, mechanization access, and training 
participation were analyzed using descriptive statistics, cost-and-return analysis, correlation, and regression 
models. Results indicated high coverage of seed and fertilizer assistance, moderate access to machinery and 
training, and low RCMAS adoption. Hybrid seed use and RCMAS participation were the strongest predictors 
of yield and income, while ecosystem type and crop establishment influenced profitability. The findings 
demonstrate the usefulness of digital MEL tools in generating actionable evidence for program improvement 
and policymaking to strengthen modernization, promote hybrid and digital technologies, and enhance farmer 
resilience amid rising costs and climate variability.      
Keywords: fertilizer voucher, rice and monitoring, rice crop manager advisory service, seed subsidy

RCEF Mechanization Program, which has provided 
tractors, combine harvesters, dryers, and irrigation 
machinery to cooperatives across Nueva Ecija, 
Bulacan, and Pampanga (Tecson, 2022; SunStar, 
2022; Gavino, 2025). These hardware investments 
are complemented by training programs led by the 
Cooperative Development Authority (CDA) and 
the Agricultural Training Institute (ATI), which 
have trained hundreds of farmers and cooperative 
members in machine operation, maintenance, and 
digital agriculture (CDA, 2022; ATI, 2023).      

This study did not evaluate the MEL framework 
itself. Rather, it used an outcome-based MEL 
framework as a practical tool to assess how well 
these DA interventions are performing in Central 
Luzon. By applying MEL, the study linked data from 
RCMAS, the RSBSA, and major programs on seeds, 
fertilizers, mechanization, and training. This enabled 
a more integrated view of how these interventions 
interact and contribute to farm productivity, cost 
efficiency, and income.      

Unlike earlier studies that focused on single 
interventions, this research examines how bundled 
government support—when delivered together—
translates into better farm outcomes. It also shows 
how digital MEL tools can help decision-makers 
monitor, evaluate, and refine agricultural programs 
in near real time. The study’s importance lies in 

Introduction
The Department of Agriculture’s (DA) OneDA 

Reform Agenda envisions a modern, innovative, 
and digitalized agriculture sector that uplifts the 
welfare and productivity of farmers and fisherfolks 
(Department of Agriculture, 2022). A key component 
of this vision is the Rice Crop Manager Advisory 
Service (RCMAS), a digital platform developed with 
the International Rice Research Institute (IRRI) in 
2013 and turned over to the DA in 2021. Now hosted 
on a cloud-based server, RCMAS delivers location-
specific crop management recommendations that 
help farmers make more informed decisions (Sharma 
et al., 2019).      

In parallel with digitalization, the DA has 
intensified support for rice farmers in Central Luzon, 
the country’s rice granary, through major programs 
such as the RCEF Seed Program, which provides 
free certified inbred seeds and has helped increase 
average yields from 3.63 to 4.32 t ha-1. Hybrid 
seed distribution, demonstration trials, and farmer 
training have also been expanded to further boost 
productivity (DA-PhilRice, 2023; Tecson, 2021, 
2023). To reduce production costs, fertilizer discount 
vouchers worth PhP 286 million were distributed 
to RSBSA-registered farmers in Region III, often 
bundled with seed interventions (Tecson, 2023). 
Mechanization has been strengthened through the 
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providing actionable evidence that supports DA’s 
digital transformation agenda and makes Philippine 
rice farming more competitive and resilient amid 
increasing production costs and climate risks.      

This work demonstrates that the MEL framework 
is not the subject of evaluation but a data-driven 
mechanism for continuous learning and improvement. 
Through it, policymakers and program managers 
can monitor technology adoption, gauge subsidy 
efficiency, and track how effectively services reach 
farmers—information that is crucial for improving 
productivity, profitability, and sustainability in the 
rice sector (Sharma et al., 2019; Cañete & Temanel, 
2017; Alam & Effendy, 2017; Rasyid et al., 2016; 
Arida et al., 2020).      

The study aimed to strengthen DA’s capacity for 
data-informed decision-making by operationalizing 
an outcome-based digital MEL platform that 
supports farmer competitiveness and income growth. 
Specifically, it seeks to: (1) summarize results from 
the 2023 rollout of the MEL approach across selected 
provinces, covering farmer profiles, RCMAS use, and 
access to seeds, fertilizers, machinery, and training; 
(2) assess differences in yield, cost structure, and 
income across varieties and production systems; and 
(3) develop practical recommendations to guide the 
refinement of future DA interventions.      

Theoretical–Conceptual Framework

This study is grounded in the Theory of Change 
and Results Chain approaches, which explain 
how interventions generate outcomes through a 
logical sequence of cause and effect (OECD, 2019; 
IFAD, 2020). These approaches help clarify how 
agricultural programs create change at the farmer 
level starting from inputs provided by the government 
to farmers’ adoption of these inputs, and ultimately to 
improvements in productivity and income.      

Guided by these principles, the study used an 
outcome-based MEL framework as an analytical 
tool, not as the subject of evaluation. The MEL 
framework structured the linkage and analysis of 
data on the Department of Agriculture’s interventions 
under the National Rice Program (NRP) and the 
Rice Competitiveness Enhancement Fund (RCEF) 
in Central Luzon. Within this framework, data from 
RCMAS, the RSBSA, and major DA programs 
(seed and fertilizer distribution, mechanization, and 
training) were integrated to capture the relationships 
between intervention access, farmer adoption, and 
resulting outcomes      

The framework assumes that when farmers 
gain access to improved seeds, fertilizers, digital 
advisories, machinery, and capacity-building 
activities, they are more likely to adopt better farming 

practices. This, in turn, leads to higher yields, greater 
cost efficiency, and improved income. The MEL 
process then provides continuous feedback, allowing 
DA to refine its programs and policies based on 
evidence.      

By combining the Theory of Change with the 
MEL approach, the framework clarifies that the study 
focuses on assessing DA’s integrated interventions and 
their effectiveness, not on evaluating MEL itself. It 
also emphasizes how digital MEL tools can strengthen 
evidence-based decision-making and ensure that 
agricultural modernization efforts translate into 
tangible benefits for farming communities.      

Materials and Methods
Study Area and Sampling Frame

The study was conducted in Region III (Central 
Luzon), the country’s rice granary, which accounts 
for a major share of national rice output and is 
a priority area for DA interventions. The seven 
provinces namely Aurora, Bataan, Bulacan, Nueva 
Ecija, Pampanga, Tarlac, and Zambales were 
purposively selected because they represent the full 
geographic and agro-ecological coverage of DA rice 
programs and contain the highest concentration of 
RSBSA-registered farmers. Within these provinces, 
municipalities above the 75th percentile in terms of 
RSBSA population (Table 1) were chosen to maximize 
coverage of areas where interventions such as seed 

Table 1. Location and number of respondents for the survey.

Province Municipality Number of Respondents 
Interviewed

Aurora

Dilasag 66

Casiguran 60

Maria Aurora 78

Bataan

Dinalupihan 94

Hermosa 74

Balanga City 43

Bulacan

San Miguel 97

San Ildefonso 64

San Rafael 48

Nueva Ecija

Talavera 104

Lupao 56

Guimba 50

Pampanga

Candaba 112

Arayat 58

Magalang 32

Tarlac

Victoria 87

La Paz 66

Concepcion 60

Zambales

Botolan 119

Iba 43

San Marcelino 49
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distribution, fertilizer vouchers, mechanization, and 
training were most intensively implemented. This 
design captured both program reach and outcome 
variation across different intervention environments.      

A stratified sampling approach was adopted, 
with provinces and municipalities serving as strata. 
Farmer-respondents were randomly selected from 
updated RSBSA lists within each stratum. There were 
1,460 respondents surveyed across 21 municipalities, 
with allocation proportional to provincial farmer 
population to ensure representativeness. This 
design balanced geographic diversity with statistical 
rigor, yielding results that are locally grounded and 
regionally generalizable.      

Study Duration

Data collection was conducted during the 2023 
wet season and covered rice farmers who cultivated 
during the 2022–2023 dry season (September 16, 
2022–March 15, 2023), ensuring postharvest recall 
accuracy.      

Sampling Procedure and Recruitment  
of Respondents

Each province in Central Luzon was assigned a 
target of 200 respondents, determined using a 90% 
confidence level and a 6% margin of error. The 
sampling frame consisted of updated farmer lists 
from the RSBSA, obtained from the DA–Regional 
Field Office III (DA-RFO III).      

Random sampling was done by assigning each 
farmer a system-generated random number in 
Microsoft Excel. Lists were sorted in ascending order, 
and the top entries corresponding to the required 
provincial sample size were selected. An additional 
20% were identified as alternates to replace non-
qualified or unavailable participants. Final validation 
ensured that only active rice farmers were included.      

Respondent recruitment was carried out in close 
coordination with Municipal Agriculture Offices 
(MAOs) and LGU agricultural technicians. Selected 
farmers were informed through text messages, phone 
calls, or in-person visits by field staff. The purpose of 
the study was explained, participation was voluntary, 
and informed consent was obtained before data 
collection. In areas with limited connectivity, trained 
enumerators conducted face-to-face interviews under 
DA-RFO III supervision to ensure complete coverage 
and data quality.      

MEL Data Collection Protocol

Mid-Season Phase: DA-RFO III staff generated 
updated RSBSA lists and coordinated with MAOs for 
farmer recruitment and scheduling of interviews.

Post-Harvest Phase: Field data were collected 
using the RCMAS-linked MEL digital survey tool, 
which captured information on crop management 
practices, input utilization, mechanization, and 
participation in DA training activities.

Data Validation: Completed datasets were 
reviewed for consistency and completeness. Cleaned 
data were extracted from the RCMAS server following 
standard data management protocols developed by 
the International Rice Research Institute (IRRI).

Feedback and Use: Preliminary results and 
recommendations were presented to DA-RFO III 
and the National Rice Program (NRP) to inform 
planning, policy refinement, and the next cycle of 
program implementation.

Data Analysis

The study generated different types of data—
covering technology adoption, yield performance, 
production cost, and farm income—each requiring 
a suitable statistical approach. Continuous variables 
such as yield and income were examined through 
regression analysis, while categorical information 
such as RCMAS adoption, receipt of inputs, and 
training participation was analyzed using correlation 
and probability-based methods. Separate models 
were used because each outcome behaves differently; 
combining them into a single model could have 
produced misleading interpretations. This analytical 
design follows accepted monitoring and evaluation 
practice and allows each indicator to be assessed 
appropriately.      

A mix of descriptive, correlational, and 
econometric analyses was applied to address the 
study objectives and explain the outcomes of the 
different rice interventions implemented in Central 
Luzon. Descriptive statistics were used to summarize 
farmers’ socioeconomic profiles, production 
characteristics, and level of participation in DA 
programs (Table 2). Profitability indicators such as 
gross income, net income, and benefit–cost ratio were 
computed through cost-and-return analysis (Table 3).      

To examine the strength of association between 
key interventions such as RCMAS use, access to 
certified seed and fertilizer, mechanization, and 
training and farm performance, Pearson correlation 
analysis was conducted (Table 4).      

To identify the major determinants of productivity 
and profitability, multiple linear regression 
analysis was employed. Two separate models were 
developed: the first estimated factors influencing 
rice yield (Table 5), while the second examined those 
affecting net farm income (Table 6). The dependent 
variables were yield (kg ha-1) and income (PhP  
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ha-1). Explanatory variables included RCMAS 
adoption, seed and fertilizer assistance, mechanization 
access, training participation, farm size, and selected 
farmer attributes (age, education, and farming 
experience).      

The general form of the regression equation was:

Yi​=β0​+β1​X1i​+β2​X2i​+β3​X3i​+...+βk​Xki​+εi​

where:

•	 	Yi​ = dependent variable (e.g., yield or income)

•	 	X_1i,X_2i,…,X_ki = explanatory variables (e.g., 
adoption of RCMAS recommendation, access to 
seed/fertilizer support, mechanization, training 
participation, farm size, farmer profile)

•	 	β_0,β_1,…,β_k = parameters to be estimated

•	 	ε_i = error term

where represents either yield or income, are 
the explanatory variables, is the intercept, are the 
estimated coefficients, and is the error term. 

Model assumptions on linearity, homoscedasticity, 
and multicollinearity were tested and found acceptable. 
The regression results, summarized in Tables 5 and 
6, indicate the magnitude and significance of each 
factor’s contribution to yield and income.      

Results and Discussion
This section presents the results of the 2023 

rollout of the outcome-based MEL framework across 
seven provinces in Central Luzon. Guided by the 
Theory of Change and Results Chain approaches, the 
analysis assumes that when farmers have access to 
seeds, fertilizers, mechanization, training, and digital 
advisories such as RCMAS, they are more likely to 
adopt improved practices that enhance productivity, 
reduce costs, and increase income. The MEL 
framework was used strictly as an analytical tool 
to link farmers’ participation in interventions with 
outcomes observed during the wet season.      

Literature supports the role of integrated support 
systems in improving farm performance. Studies in 
Southeast Asia and the Philippines have shown that 
productivity gains are strongest when interventions 
are bundled rather than delivered separately (Alam 
& Effendy, 2017; Arida et al., 2020). Sharma et al. 
(2019) reported that RCMAS users who followed 
site-specific recommendations achieved yield 
improvements of 10–15%, underscoring the value of 
digital advisories in precision nutrient management. 
DA-PhilRice (2023) and Tecson (2021) noted that 
RCEF-supported distribution of certified and hybrid 
seeds raised average yields from 3.63 to 4.32 t ha-1, 
while mechanization and training improved farm 
efficiency and labor productivity (Rasyid et al., 2016; 

Cañete & Temanel, 2017). However, few studies have 
examined how multiple DA interventions interact 
when viewed through a digital MEL framework—a 
gap that this study addresses.      

Program Coverage and Farmer Participation

There were 1,460 rice farmer-participants      from 
seven Central Luzon provinces. Results showed 
broad coverage of seed and fertilizer programs, 
with over 80% of respondents receiving certified or 
hybrid seeds and 75% availing of fertilizer vouchers. 
Mechanization support reached about half of the 
farmers, while 40% participated in DA training 
programs. RCMAS adoption remained moderate, 
with roughly one in three farmers having received 
digital recommendations. This pattern reflects a 
gradual transition toward digital agriculture, where 
advisory services complement traditional input and 
extension programs.      

These results are consistent with Sharma et al. 
(2019), who noted that RCMAS adoption depends 
on farmers’ access to other inputs and local support. 
The higher participation in “tangible” interventions 
(seeds, fertilizers, machinery) compared with digital 
advisories suggests that while farmers readily accept 
physical assistance, digital tools still require stronger 
promotion and capacity building.      

Relationship Between Interventions  
and Farm Outcomes

Correlation and regression analyses revealed that 
hybrid seed use and RCMAS participation were the 
strongest predictors of both yield and net income. 
Farmers who used hybrid seeds and followed digital 
recommendations achieved higher productivity and 
better cost efficiency than those relying solely on 
traditional practices, confirming the synergy between 
improved technologies and information access.      

Mechanization, training, and seed receipt alone 
were not independently significant when isolated from 
other factors. However, when combined with digital 
advisories and high-quality seeds, these interventions 
contributed meaningfully to improved outcomes. 
This supports the concept of complementarity in 
agricultural programs where the collective effect 
of multiple interventions exceeds the sum of their 
individual impacts (Alam & Effendy, 2017).      

Ecosystem type and crop establishment methods 
also influenced profitability more than yield. Rainfed 
farmers often incurred higher production costs but 
achieved comparable or even higher net returns 
when they adopted early-maturing hybrid varieties. 
This indicates that profitability is shaped not only by 
yield but also by efficient resource management, cost-
saving practices, and strategic use of technology.      
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Implications for Policy and Program 
Improvement

The findings highlight the value of applying 
a digital MEL framework to monitor and assess 
agricultural interventions. By integrating data from 
RCMAS and RSBSA, the MEL approach provides 
policymakers with concrete evidence on which 
interventions and combinations deliver the best 
returns. This can help DA target resources more 
effectively and prioritize intervention bundles that 
deliver measurable impact.      

For Central Luzon, scaling up hybrid seed 
adoption, strengthening RCMAS dissemination, 
and enhancing support for rainfed ecosystems are 
key strategies to sustain gains in productivity and 
income. Institutionalizing the MEL framework 
across programs will also promote evidence-based 
decision-making, ensuring that modernization efforts 
under the OneDA Reform Agenda are data-driven 
and farmer-centered.      

Field Information of Farmers in Region 3

Most (90.9%) of the surveyed farmers cultivated 
rice under irrigated conditions, underscoring the 
importance of reliable water sources in sustaining 
productivity, particularly during drought-sensitive 
growth stages (Mariano et al., 2010). The majority 
(78.8%) managed farms under 2 ha, with Zambales 

having the highest proportion (68.25%) of farmers 
cultivating plots smaller than 1 ha.      

Crop establishment practices varied: 54% adopted 
direct seeding, especially in Bataan, Bulacan, and 
Pampanga, due to lower labor requirements; 45.04% 
practiced manual transplanting, notably in Zambales 
(84.36%) and Nueva Ecija (81.22%). The gradual shift 
toward direct-seeded rice (DSR) reflects regional 
responses to rising labor costs and changing water 
availability, and is consistent with broader trends 
toward intensification and diversification (Pandey et 
al., 2002).      

Rice Crop Manager Advisory Service (RCMAS) 
Recommendation Uptake

Only 20.2% of surveyed farmers received RCMAS 
recommendations during the dry season, primarily 
through Agricultural Extension Workers (AEWs) of 
the Municipal Agriculture Offices. Among these, 
90.5% had the recommendations explained and 88.1% 
received them on time, enabling timely planning.      

Recommendations were delivered via paper 
(45.2%), SMS (30.9%), or both (23.8%). SMS was 
particularly valued for reminders sent five days 
before fertilizer application. Among recipients, 85.7% 
followed the advised fertilizer types (Complete 14-14-
14 and Urea 46-0-0). In terms of compliance, 40.5% 
fully and 50% partially followed the recommended 
amounts (typically 6–8 bags), while 40.5% fully and 
54.76% partially followed the recommended timing 
(basal, tillering, and panicle initiation stages).      

Among those who did not receive RCMAS advice, 
96.4% were unaware of the program. Sharma et al. 
(2019) reported that RCMAS uptake is associated 
with an additional 640 kg yield and PhP12,496.82 
net return ha-1, reinforcing the need for intensified 
dissemination through DA’s local extension channels.      

Seed Subsidy/Intervention Use in Region 3

Seed Subsidy Uptake

During the dry season, 93.8% of farmers received 
seed subsidies recording 78.9% in inbred varieties 
(e.g., NSIC Rc 512, Rc 508, Rc 480) and 21.1% in 
hybrids (e.g., NSIC Rc 132H, Rc 176H, Rc 234H). Of 
these, 91.1% planted the seeds within the same season, 
while 8.7% did not due to late delivery, mismatched 
variety preference, or insufficient allocation. Unused 
seeds were carried over for future planting, milled, 
exchanged, or shared with other farmers.      

The high uptake of certified seeds indicates the 
effectiveness of the RCEF Seed Program and DA-
NRP initiatives to improve access to high-yielding 
varieties (Bordey, 2023). Continued use of inbred 
seeds appears to have supported the gradual adoption 

Table 2. Field information of farmer - respondents   
in Region III.

Frequency Percentage 
(%)

Agro-ecosystem

Irrigated 1,327 90.90

Rainfed 133 9.10

Total 1,460 100.00

Area planted

Below 1 ha 518 35.46

1 - 1.99 ha 632 43.32

2 - 2.99 ha 217 14.83

3 - 3.99 ha 59 4.07

4 - 4.99 ha 17 1.16

5 ha and above 17 1.16

Total 1,460 100.00

Crop establishment

Manual transplanting 658 45.04

Manual direct seeding 788 54.00

Mechanical transplanting 7 0.48

Mechanical direct seeding: 
Drum seeder  7 0.48

Mechanical direct seeding: 
Precision seeder 0 0

                                   Total 1,460 100.00
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of hybrids and newer varieties such as NSIC Rc 
506, Rc 508, and Rc 534. This is consistent with the 
observed increase in national rice production from 
12.4 million MT in 2000 to 19.96 million MT in 2021 
(de Leon, 2023; Berto, 2023).      

Fertilizer Voucher Use

Surveyed farmers (87.7%) reported receiving 
fertilizer discount vouchers, commonly distributed 
alongside seed subsidies. The average value was 
PhP6,300 ha-1, equivalent to roughly two bags and 25 
kg of urea, priced between PhP2,500 and PhP2,800 
per bag. Most recipients (94.9%) used the vouchers 
within the same cropping season to purchase fertilizer 
from accredited suppliers. A small proportion (5.1%) 
were unable to use their vouchers on time due to late 
issuance, having already completed fertilization. 
Some redeemed vouchers in the succeeding season; 
others awaited revalidation or replacement by local 
agriculture offices.      

Farmers confirmed that the vouchers effectively 
served as a cost-sharing subsidy to offset sharp 
fertilizer price increases. However, their impact 
on total fertilizer use was modest. Urea application 
slightly declined from 231.6 kg ha-1 to 229.6 kg  
ha-1, and complete fertilizer use decreased from 
179.8 to 176.2 kg ha-1. Many farmers compensated 
by increasing ammonium phosphate use, a relatively 
more affordable N source. This suggests that while 
vouchers cushioned rising input costs, they were 
insufficient to restore previous fertilizer use levels, 
given price increases of 100–150% compared with 
prior seasons. As DA emphasized, the scheme’s 
immediate goal was to prevent severe underapplication 
of urea and safeguard food security (Lagare, 2022).      

Table 3. Rice crop manager advisory services (RCMAS) 
recommendation uptake.

Frequency Percentage (%)

Received RCMAS recommendation
Yes 295 20.2

No 1165 79.8

1,460 100.0

Explained RCMAS recommendation
Yes 267 90.5

No 28 9.5

295 100.0

Received RCMAS recommendation on-time
Yes 260 88.1

No 35 11.9

295 100.0

Planned to follow RCMAS recommendation
Yes 260 88.1

No 35 11.9

295 100.0

Format of RCMAS recommendation received
SMS 91 30.9

Paper 133 45.2

Paper and SMS 70 23.8

295 100.0

SMS usefulness
Yes 154 95.6

No 7 4.3

161 100.0

Follow fertilizer type
Yes 253 85.7

No 42 14.3

295 100.0

Follow fertilizer amount
Yes (partial) 148 50.0

Yes (full) 119 40.5

No 28 9.52

Follow timing of 
application
Yes (partial) 162 54.8

Yes (full) 112 38.1

No 21 7.1

295 100.0

Is there an awareness about RCM,  
for those who did not receive RCMAS 
recommendation
Yes 42 3.6

No 1123 96.4

1,165 100.0
  

Table 4. Seed intervention uptake.

Frequency Percentage (%)

Seed Receipt

Yes 1,369 93.8

No 91 6.2

1,460 100.0

Variety received    

Inbred 1,081 78.9

Hybrid 288 21.1

  1,369 100

Planted the seed received  
on their own field

Yes 1,248 91.1

No 119 8.7

1,369 100.0
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Table 5. Fertilizer voucher used by farmers in the region.

Received fertilizer 
voucher Frequency Percentage (%)

Yes 1,281 87.7

No 179 12.2

1,460 100.0

Use of fertilizer subsidy in the intended season

Yes 1,216 94.9

No 65 5.1

1,281 100

Accessibility to Farm Machineries and 
Technologies for Rice Crop Production

Farm mechanization in Region III was highest 
during land preparation (98.5%) and harvesting 
(96%), where most farmers used tractors, reapers, 
threshers, or combine harvesters. Mechanization 
during crop care reached 73.4%, mainly through the 
use of electric or power sprayers. Crop establishment 
remained largely manual, with only 4.9% using 
mechanical transplanters or seeders, indicating 
limited adoption despite continuous government 
promotion.      

Although mechanization contributes to greater 
efficiency, timeliness, and labor savings, its direct 
effect on yield was not statistically significant in 
this study. Yield remains primarily determined by 
genetics, environment, and agronomic management 
(Arida et al., 2020). Nonetheless, mechanization 
improves indirect drivers of productivity, such 
as uniform land preparation, timely planting and 
harvesting, and reduced postharvest losses (Bautista, 
2001; Apiors et al., 2016). These benefits translate 
into improved cost efficiency and profitability even 
when yield gains are not immediately visible.      

Additionally, 78.3% of farmers reported receiving 
training mostly organized by LGUs, TESDA, DA, 
DAR, and ATI through Farmers’ Field Schools and 
similar programs. Such capacity-building activities 
enhance technical competence in machinery 

operation and maintenance, which is critical for 
sustaining the long-term benefits of mechanization.      

Assess yield performance, cost structures, and 
income variations across different rice varieties

Rice Yield, Cost of Production, and Income

Cost Structure. During the dry season, average 
production costs were higher for hybrid rice 
(PhP47,822.13 ha-1) than for inbred (PhP41,583.91 
ha-1), with labor and machinery accounting for the 
largest share (50.4%), followed by fertilizer (23.8%) 
and seeds (4.1%). These figures exclude subsidies. 
Fertilizer, seed, pesticide, and labor were key cost 
drivers influencing productivity (Alam & Effendy, 
2017; Rasyid et al., 2016).      

Yield Comparison. Inbred yields mostly ranged 
from 4.01–5 t ha-1 (26.8%), while hybrid yields were 
generally higher, with 37.2% of hybrid growers 
exceeding 7 t ha-1, particularly in Tarlac and Nueva 
Ecija. On average, hybrid varieties yielded 5.2 t ha-1, 
19.8% higher than the 4.4 t ha-1 average for inbred.      

Economic Viability. With subsidies, hybrid 
rice had a slightly lower break-even price (PhP9.07  
kg-1) than inbred (PhP9.45 kg-1). Without subsidies, 
break-even costs rose to PhP11.18 kg-1 (hybrid) and 
PhP11.24 kg-1 (inbred). Although hybrid production 
costs were higher, greater yield potential offset 
expenses and improved cost efficiency.      

Correlation of DA Interventions to Yield  
and Net Income

Correlation analysis revealed varying effects 
of DA interventions. Ecosystem type was not 
significantly correlated with yield, r (874) = 0.01, p > 
0.05, but showed a small negative correlation with net 
income, r (874) = –.09, p < .05, indicating that irrigated 
farmers earned modestly higher incomes due to 
greater water reliability and input efficiency (David 
and Balisacan, 1995; Dawe et al., 2006; Dobermann 
et al., 2004; Sebastian, 2016). Crop establishment was 

Table 6. Comparison of fertilizer used from past to current dry season.

Fertilizer Traditional Application 
during the Season (kg)

Actual Application 
during the Season (kg)

Difference 
(kg)

Mean Mean Mean

Urea (46-0-0) 231.6 229.6 -2.00

Complete (14-14-14) 179.8 176.2 -3.6

Ammonium sulfate (21-0-0) 143.8 144.2 0.4

Ammonium phosphate (16-20-0) 132.3 137.9 5.6

Muriate of potash (0-0-60) 81.8 81.8 0.0

17-0-17 108.4 108.4 0.0
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also not significantly related to yield, r (874) = 0.07, p 
> 0.05, but was positively correlated with net income, 
r (874) = 0.13, p < 0.01, suggesting profitability gains 
from labor- and cost-saving direct or mechanized 
methods (Pandey et al., 2002; Arida et al., 2020; 
Apiors et al., 2016).

RCMAS uptake was negatively correlated with 
yield, r (874) = –0.10, p < .05, and net income, 
r (874) = –0.16, p < .01, with coding (1 = Yes, 2 = 
No) indicating that adopters achieved higher yields 
(≈5.5 t/ha vs. 5.0 t/ha) and incomes (PhP     43,717 
vs. PhP     28,300/ha), consistent with earlier reports 
of significant productivity and profitability gains 
from digital advisories (Sharma et al., 2019; Cañete 
& Temanel, 2017; Mariano et al., 2010). Seed variety 
type was positively correlated with both yield, r (874) 
= 0.14, p < .01, and net income, r (874) =0 .22, p < .01, 
with hybrid users outperforming inbred users (≈5.2 vs. 
4.4 t/ha; PhP     43,000 vs. PhP     32,000/ha). Despite 
higher costs, hybrids delivered significantly greater 
profitability, reinforcing their role as the strongest 
predictor of performance among DA interventions 
(Bordey, 2023; de Leon, 2023; Rasyid et al., 2016).

By contrast, farm machinery access, training 
participation, province of origin, and seed receipt 
were not significantly correlated with yield or net 
income (p > .05). Their effects appear conditional 
on other variables, as prior studies confirm that 
mechanization and training improve efficiency when 
paired with improved varieties and sufficient inputs 
(Arida et al., 2020; Apiors et al., 2016).

Conclusion and Recommendations
This study used an outcome-based MEL 

framework to link DA interventions with yield and 
income outcomes in Central Luzon. Results showed 
widespread access to seeds and fertilizer vouchers, 
moderate use of machinery and training, and 
relatively limited uptake of RCMAS. Hybrid seed 
use and RCMAS adoption emerged as the strongest 
predictors of productivity and profitability, while 
ecosystem type and crop establishment influenced 
income more than yield. Other interventions were not 
significant when analyzed individually but contributed 
when integrated with improved varieties and digital 
advisories. These findings highlight the value of 
digital MEL systems in guiding policy and program 
refinement. By integrating data from RCMAS, 
RSBSA, and major rice programs, MEL tools help 
identify which combinations of interventions deliver 
the greatest impact. This is particularly relevant under 
conditions of rising input costs and climate risk, where 
resources must be targeted more strategically. The 
study supports evidence-based planning to advance 
DA’s digital transformation agenda and enhance 

farmer competitiveness. It shows that modernizing 
Philippine rice farming requires not only physical 
inputs but also digital tools, complementary support 
services, and continuous learning through ME. 

Based on the evaluation of DA interventions in 
Central Luzon, the following recommendations are 
proposed:

1.	 Scale up hybrid seed adoption. Given its 
strong positive correlations with yield and 
income, expanding access to hybrid varieties 
through targeted distribution, demonstration 
trials, and farmer incentives should remain a 
priority.

2.	 Enhance dissemination and utilization of 
RCMAS. Despite its measurable benefits, 
RCMAS uptake remains limited due to 
low awareness. Wider promotion through 
municipal AEWs, integration with voucher 
systems, and user-friendly delivery formats 
(SMS, mobile apps) can improve adoption

3.	 Integrate interventions for synergistic 
effects. Mechanization, training, and 
fertilizer subsidies were not significant when 
analyzed individually, but prior studies and 
this analysis indicate they are more effective 
when combined with improved seeds and 
digital advisories. Linking interventions 
within the MEL framework can maximize 
efficiency and impact.

4.	 Strengthen support for rainfed farmers. 
Rainfed ecosystems were associated with 
lower profitability despite similar yields. 
Investments in water-saving technologies, 
climate-resilient varieties, and targeted 
subsidies are needed to reduce income gaps 
and enhance resilience.

5.	 Institutionalize outcome-based MEL 
systems. The digital MEL platform 
demonstrated its capacity to generate evidence 
for planning and program adjustment. 
Embedding it into DA’s monitoring and 
evaluation processes can improve resource 
allocation, track adoption, and support 
adaptive policymaking in line with the 
OneDA Reform Agenda.
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Introduction
Nanocellulose derived from agricultural waste 

is gaining attention as a sustainable biomaterial for 
diverse applications (Dufresne, 2013). Coconut coir, 
a lignocellulosic by-product abundantly generated in 
the Philippines, is underutilized despite its potential 
as a renewable feedstock (Vieira et al., 2024). In rice-
based farming systems, soil fertility management 
remains a key constraint, particularly as rising 
fertilizer costs and nutrient losses limit productivity 
and profitability. Microbial biofertilizers have been 
promoted as complementary inputs in rice production 
to enhance nutrient cycling, improve soil health, and 
reduce reliance on synthetic fertilizers, but their field 
performance remains inconsistent. Biofertilizers 
are widely commercialized, including some nano-
packaged products registered with the Fertilizer and 

Pesticide Authority, yet the effectiveness of these 
inoculants depends largely on the carrier material 
used. Conventional carriers such as peat, alginate, 
and biochar present trade-offs in cost, availability, 
and microbial performance (Schoebitz et al., 2013).

Nanocellulose offers large surface area, strong 
colloidal stability, and abundant hydroxyl groups 
that may support microbial encapsulation (George 
& Sabapathi, 2015; Habibi et al., 2010). However, its 
agricultural application remains underexplored. 

This study aimed to extract nanocellulose 
from coconut coir using sequential chemical 
and mechanical treatments, characterize its 
physicochemical and structural properties, and 
conduct preliminary microbial viability testing with 
Rhizobium tropici and Bacillus safensis to evaluate 

EXTRACTION AND CHARACTERIZATION OF NANOCELLULOSE FROM 
COCONUT COIR WITH PRELIMINARY EVIDENCE OF RHIZOBIUM TROPICI 
AND BACILLUS SAFENSIS VIABILITY FOR USE AS A CARRIER MATRIX IN 

NANO-BIOFERTILIZER SYSTEMS
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Abstract
The valorization of agricultural waste offers a sustainable pathway for producing high-value bio-based 

materials. Coconut coir, a lignocellulosic by-product abundantly generated in the Philippines, remains 
underutilized and presents disposal challenges. In rice-based farming systems, improving fertilizer efficiency 
and developing more stable microbial biofertilizers are increasingly important to sustain yield while reducing 
input costs and nutrient losses. Nanocellulose-based carrier matrices can enhance microbial survival and delivery, 
with potential applications in rice nutrient management and soil health improvement. This study examined the 
extraction and characterization of nanocellulose from coconut coir for potential use as a carrier matrix in nano-
biofertilizer systems. Three nanocellulose samples were produced through sequential alkaline pretreatment (5% 
NaOH), bleaching, controlled acid hydrolysis (2M HCl or a mixed H2SO4/HCl solution), and ultrasonic dispersion. 
The suspensions were characterized for particle size, polydispersity, and colloidal stability using dynamic light 
scattering (DLS) and zeta potential analysis, supported by Fourier-transform infrared spectroscopy (FTIR), and 
scanning electron microscopy (SEM). Among the samples, DA2-SA achieved nanoscale dimensions (83.4 ± 6.7 
nm) with strong electrostatic stabilization (−74 mV), while DA3-S1 and DA1-MA exhibited larger particle sizes 
but maintained robust colloidal stability (up to −97 mV). SEM revealed porous fibrillar networks averaging 10–20 
μm, and FTIR spectra confirmed high cellulose purity with dominant O–H and C–O–C functional groups and 
minimal lignin. Importantly, preliminary microbial viability testing demonstrated that Rhizobium tropici (1.2 
× 10o CFU/mL) and Bacillus safensis (1.4 × 10o CFU/mL) maintained high viable populations when suspended 
in nanocellulose, providing direct biological evidence of compatibility. These results establish coconut coir-
derived nanocellulose as a promising, sustainable carrier matrix for microbial encapsulation in nano-biofertilizer 
systems, with further validation through replicated trials, long-term viability assays, and cost–benefit analyses 
recommended for large-scale application.
Keywords: agro-waste valorization, dual-strain compatibility, encapsulation potential, microbial carrier systems, 
sustainable bio-inputs
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its potential as a sustainable carrier matrix for nano-
biofertilizer systems.

Materials and Methods
Description of Test Microorganisms.  Rhizobium 

tropici and Bacillus safensis used in this study are 
indigenous strains previously isolated from the roots 
of wild tallgrass (Saccharum spontaneum) collected 
within the DA–Cagayan Valley Research Center, 
City of Ilagan, Isabela, Philippines. Both isolates 
were confirmed through biochemical and molecular 
identification and are maintained in the DA–RFO 
02 Ilagan Soil Laboratory culture collection. Prior 
functional assays conducted by the laboratory 
demonstrated their plant growth–promoting 
properties, including nitrogen fixation, phosphate 
solubilization, and potassium mobilization. These 
validated traits served as the basis for selecting these 
strains to evaluate the compatibility of nanocellulose 
as a microbial carrier.

Nanocellulose extraction and treatments. Coconut 
coir fibers were processed through sequential alkaline 
pretreatment (5% NaOH), bleaching (1.7% NaClO), 
acid hydrolysis (2M HCl or HCl/H2SO4 mixture), 
and ultrasonic dispersion. Three treatment variations 
were prepared: DA3-S1 (sun-dried + mild acid), 
DA2-SA (strong acid, no drying), and DA1-MA (mild 
acid, no drying), adapted from established methods 
(Deepa et al., 2015; Kargarzadeh et al., 2017).

Characterization. Particle size, polydispersity 
index, and zeta potential were determined by 
dynamic light scattering (DLS) (Clogston & Patri, 
2011). Morphology was observed using scanning 
electron microscopy (SEM), while functional groups 
were identified through Fourier-transform infrared 
spectroscopy (FTIR). All analyses were performed 
at the CLSU Nanotechnology and R&D Facility 
following standard protocols; specific equipment 
models were not disclosed.

Microbial viability assay. The compatibility of 
nanocellulose with Rhizobium tropici and Bacillus 
safensis was evaluated through a standard plate count 
viability assay following QC procedures used at the 
DA–RFO 02 Ilagan Soil Laboratory.

1. Preparation of Microbial Cultures

Pure cultures of R. tropici and B. safensis 
were grown on Yeast Mannitol Broth (YMB) and 
Dobereiner’s broth (DB), respectively. Cultures were 
incubated at 28 ± 2 °C for 72 hours to obtain actively 
growing colonies.

2. Suspension in Nanocellulose

1 mL of microbial inoculum was aseptically 
transferred into 9 mL of each nanocellulose sample.

3. Incubation Period 

The nanocellulose–microbe suspensions were 
held at room temperature (28 ± 2 °C) for 72 h (3 days) 
prior to plating.

This incubation duration represents the standard 
holding time used in microbial viability assessments 
for biofertilizer carriers.

4. Plate Count Procedure

After 72 hours, tenfold serial dilutions (10-1 to  
10-6) were prepared using sterile distilled water. 0.1 
mL aliquots from each dilution were spread-plated 
onto Nutrient Agar Media. Plates were incubated at 
28 ± 2 °C for 72 h.

5. Enumeration and Threshold Comparison

Colony-forming units (CFU/mL) were calculated 
using plates with 30–300 colonies. Validity of 
nanocellulose as a carrier material was assessed against 
the recommended minimum viability threshold of 
106 - 108 CFU/mL for biofertilizer products (Itelima 
et al., 2018). Both organisms exceeded the threshold, 
confirming high compatibility.

Limitations of the Study. This study was conducted 
as a preliminary process-screening experiment with 
three treatment variations but without independent 
batch replication. As such, results were interpreted 
descriptively and benchmarked against established 
criteria (e.g., nanoscale <100 nm; > 30 mV) rather than 
analyzed through inferential statistics. Replicated 
preparations will be essential in future work to confirm 
these findings and enable formal hypothesis testing. 
In addition, advanced analyses such as DLS, zeta 
potential, SEM, and FTIR were conducted externally 
at the CLSU Nanotechnology and R&D Facility. 
While these followed the facility’s standard protocols, 
the exact instrument models and operating parameters 
were not disclosed to the authors. Consequently, 
results are reported as provided and interpreted in line 
with standard benchmarks and published literature. 
Despite these limitations, the study provides proof-
of-concept evidence for the feasibility of producing 
nanocellulose from coconut coir and its compatibility 
with microbial biofertilizer applications. 

Results and Discussion
Nanocellulose suspensions were successfully 

produced from coconut coir under all treatments. 
Particle size analysis showed clear differences as 
shown in Figure 1. DA2-SA achieved nanoscale 
dimensions (83.4 ± 6.7 nm), consistent with ISO/TS 
20477:2017 for nanocellulose, aligning with typical 
cellulose nanocrystals (CNC) and nanofibrils (CNF), 
while DA3-S1 (428.6 ± 37.2 nm) and DA1-MA (1177.5 
± 146.4 nm) remained above 100 nm. 
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Figure 1. Particle size distribution of nanocellulose samples measured by 
dynamic light scattering (DLS), showing DA2-SA within the nanoscale range 
(<100 nm), while DA3-S1 and DA1-MA exhibited larger, more polydisperse 
distributions.

Polydispersity indices indicated a relatively 
uniform distribution in DA2-SA, whereas DA3-S1 
exhibited greater heterogeneity as presented in Table 
1.  These results demonstrate that stronger hydrolysis 
applied to wet-bleached fibers (DA2-SA) promoted 
finer dispersion, while sun-drying (DA3-S1) or mild 
acid treatment (DA1-MA) led to partial aggregation 
and incomplete fibril separation (Deepa et al., 2015; 
Kargarzadeh et al., 2017).

Zeta Potential and Colloidal Stability

Zeta potential values confirmed robust colloidal 
stability across treatments as visualized in Figure 2, 

ranging from −73.7 mV to −96.7 mV, well above the 
±30 mV benchmark (Clogston & Patri, 2011). DA3-S1 
exhibited the highest stability (−96.7 mV), suggesting 
a trade-off between nanoscale size (DA2-SA) and 
electrostatic stabilization (DA3-S1), consistent with 
trends reported in other lignocellulosic nanocellulose 
systems (Wu et al., 2019).

Scanning electron microscopy (SEM) revealed 
porous fibrillar networks averaging 10–20 μm in 
width as seen in Figure 3. Although fibril bundling 

Figure 2. Zeta potential values of nanocellulose suspensions, 
indicating strong electrostatic stabilization across 
treatments, all exceeding the ±30 mV stability threshold.

Figure 3. Scanning electron micrographs of coconut coir-derived nanocellulose, showing entangled 
fibrillar networks with partial defibrillation and porous microstructures.

Table 1. Polydispersity indices (PI) of nanocellulose samples 
derived from coconut coir.

Sample Mean Size 
(nm) SD (nm) PI

DA2-SA 83.4 6.7 — (monodisperse)

DA3-S1 428.6 37.2 1.707

DA1-MA 1177.5 146.4 1.022
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Figure 4. Fourier-transform infrared (FTIR) spectra of nanocellulose samples, showing dominant 
cellulose functional groups (O–H, C–H, C–O–C) and reduced non-cellulosic peaks, including the 
absence of carbonyl bands near 1735 cm-1.

Figure. 5: Quality control plates showing the growth of Rhizobium tropici three days after suspension in 
coconut-coir–derived nanocellulose, confirming high viability and compatibility with the carrier material.

occurred due to drying during sample preparation, 
the porous structures provide extensive surface area 
and interconnected microchannels favorable for 
microbial entrapment and controlled release (George 
& Sabapathi, 2015). 

FTIR spectra confirmed chemical purity with 
strong O–H, C–H, and C–O–C peaks and minimal 
lignin signals, supporting suitability for biological 
applications (Abitbol et al., 2016) as shown in Figure 4.

Preliminary Microbial Viability

Microbial viability was assessed three days  
(72 h) after suspension of the cultures in nanocellulose, 
which corresponds to the standard incubation time 
used for quality control plating at 28 ± 2 °C. Figure 5 
and 6 shows the preliminary microbial assays      and 
presents the colony development of R. tropici and B. 

safensis after 72-h incubation, indicating that both 
microorganisms remained highly viable following 
suspension in nanocellulose. Rhizobium tropici and 
Bacillus safensis maintained high viable populations 
when suspended in nanocellulose, with counts of 1.2 
× 10o CFU/mL and 1.4 × 10o CFU/mL, respectively. 
These values exceed the recommended threshold for 
biofertilizer efficacy (Itelima et al., 2018), providing 
direct evidence that nanocellulose does not inhibit 
microbial survival and may serve as an effective 
encapsulation matrix.

Collectively, these findings establish coconut coir-
derived nanocellulose as a promising low-cost carrier 
with favorable physicochemical stability, structural 
porosity, and biological compatibility, offering 
potential for development into nano-biofertilizer 
systems.
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Figure. 6: Quality control plates showing the growth of Bacillus safensis three days after suspension in 
coconut-coir–derived nanocellulose, confirming high viability and compatibility with the carrier material.

Conclusion
Nanocellulose extracted from coconut coir 

demonstrated favorable physicochemical, structural, 
and chemical properties and supported the survival 
of R. tropici and B. safensis at effective microbial 
counts. These preliminary findings establish coconut 
coir-derived nanocellulose as a promising, low-
cost carrier matrix for nano-biofertilizer systems. 
These results also highlight the potential of agro-
waste valorization to generate sustainable inputs for 
climate-smart agriculture

Recommendations
Further studies should include replicated batch 

preparations, long-term microbial viability assays, 
soil release dynamics, and cost–benefit analysis 
to validate scalability and agronomic application. 
Replicated extractions and field-level validation 
trials are especially needed to confirm large-scale 
feasibility.
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Abstract
Soil microorganisms are central to nutrient cycling, soil fertility, plant health, and ecosystem functioning, 

making them indispensable for sustainable agriculture. This review critically synthesizes current knowledge on 
how farming practices, including crop rotation, tillage intensity, monocropping, fertilization, organic inputs, and 
integrated pest management, affect soil microbial diversity and functionality. Evidence from rice-based, corn-
legume, and diversified cropping systems indicates that diversified rotations, reduced tillage, and organic inputs 
enhance microbial abundance, community evenness, and functional redundancy, thereby promoting nutrient 
cycling, carbon sequestration, disease suppression, and stress resilience. Conversely, continuous monocropping, 
intensive tillage, and prolonged reliance on synthetic fertilizers consistently reduce microbial abundance and 
community evenness, leading to the dominance of a narrow range of copiotrophic taxa and a loss of functionality. 
These shifts are associated with diminished nutrient-use efficiency, reduced soil carbon stabilization, weakened 
disease-suppressive capacity, and lower resilience to environmental stress. Evidence from long-term experiments 
and multi-site studies indicates that declines in microbial functional diversity constrain key processes such as 
nitrogen transformation, organic matter turnover, and pathogen regulation. Although advances in metagenomics, 
transcriptomics, and functional gene profiling have improved characterization of soil microbial communities, 
critical gaps remain in linking changes in microbial functional traits to agronomic performance and climate 
resilience. This review synthesizes findings from long-term field trials, meta-analyses, and comparative 
cropping-system studies to evaluate how rice-based systems, corn–legume rotations, and diversified cropping 
systems differentially shape microbial abundance, community evenness, and functional redundancy, and to 
identify management strategies that consistently support soil ecosystem services and long-term productivity. 
Keywords: agricultural practices, climate, farming patterns, soil health, soil microbial diversity

Introduction 
Soil is a dynamic ecosystem underpinning crop 

production, providing water, nutrients, and physical 
support, and hosting diverse microorganisms       
including bacteria, archaea, fungi, actinomycetes, and 
protists that drive essential ecological processes such 
as nutrient cycling, organic matter decomposition, soil 
aggregations, and pathogen suppression (Gupta et al. 
2022; Joos and De Tender, 2022). Healthy microbial 
communities enhance nutrient-use efficiency, buffer 
against abiotic stress, and improve plant resilience to 
pests and diseases.

Agricultural management strongly shapes 
microbial diversity, abundance, and functional 
potential. Practices such as crop rotation, organic 
inputs, cover cropping, and reduced tillage generally 
foster diverse and stable microbial communities. 
Conversely, continuous monocropping, soil 
compaction, and excessive chemical inputs reduce 
microbial richness, functional redundancy, and 
ecosystem resilience (Town et al. 2023; Schmidt et 

al. 2019). Understanding these patterns is crucial 
for designing microbial-informed management 
strategies that optimize productivity, soil health, and 
sustainability.

Factors Influencing Soil Microbial Diversity

	 Impact of Farming Patterns and Agricultural 
Practices
Crop Rotation and Diversification. Crop rotation 

and cropping-system design produce some of the 
most consistent and management-responsive effects 
on soil microbial diversity and function across 
agroecosystems. Across agroecosystems, soil 
microbial diversity responds strongly to climate 
zone, crop type, and soil physicochemical conditions. 
Long-term field studies in subtropical monsoon rice 
systems of southern China (clay loam, pH 5.5-6.5) 
and the Philippines consistently show that continuous 
flooding promotes anaerobic taxa (e.g., methanogens 
and denitrifiers), while intermittent drying favors 
aerobic nitrifiers and heterotrophs (Yang et al., 2019; 
Liu et al., 2024). In temperate maize-soybean systems 

REVIEW
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of the Midwestern United States (Mollisols, neutral 
pH), microbial diversity is primarily driven by residue 
quantity and tillage intensity rather than moisture 
regime (Williams et al., 2023). Meanwhile, semi-arid 
wheat-maize systems in northern China (silt loam, 
low SOC) show reduced microbial evenness under 
intensive fertilization and monocropping due to 
nutrient-driven dominance of copiotrophic bacteria 
(Ramirez et al., 2010; Ma et al., 2025). These findings 
indicate that microbial diversity patterns are context-
specific and cannot be generalized across climates or 
cropping systems.

Crop rotation alters soil microbial communities 
through resource heterogeneity, redox dynamics, and 
nutrient legacy effects, with mechanisms varying by 
cropping system:

Rice-corn and rice-upland rotations (China, 
Vietnam, Philippines): Alternation between flooded 
and aerobic phases creates cyclical redox conditions 
that enrich anaerobic decomposers during rice 
cultivation and aerobic nitrifiers and phosphate-
solubilizers during upland phases, increasing overall 
functional redundancy relative to continuous rice 
monoculture (Breidenbach et al., 2017; Yang et al., 
2019).

Cereal-legume rotations (corn-soybean, rice-
mungbean; Asia and North America): Biological 
nitrogen fixation by legumes increases soil N 
availability and stimulates diazotrophs (Rhizobium, 
Bradyrhizobium, Azospirillum), often resulting in 
higher nif H gene abundance within 1-3 years after 
legume introduction (Li et al., 2022; Liu et al., 2024).

Vegetable-based and diversified rotations 
(solanaceous-legume-cucurbit systems; tropical 
Asia): High root exudate diversity and frequent 
residue turnover promote copiotrophic and disease-
suppressive taxa (Pseudomonas, Bacillus), increasing 
microbial evenness but sometimes reducing fungal 
dominance compared with cereal-based systems 
(Bertola et al., 2021).

Multi-storey and high-value crop systems 
(pineapple-vegetable-root crop systems; Southeast 
Asia): Spatial and temporal niche differentiation 
enhances microbial richness, particularly AM fungi 
and Actinobacteria, under moderate fertilization and 
residue retention (Schmidt et al., 2019).

Dominance of functional groups depends on 
crop management and soil conditions. Diazotrophs 
dominate in legume-inclusive rotations under 
neutral pH (6.0-7.0), moderate SOC (>1.5%), and 
reduced N fertilizer inputs, while Actinobacteria 
prevail under cereal monocropping with low residue 
input and periodic drought stress (Ramirez et al., 
2012). Arbuscular mycorrhizal fungi increase under 

reduced tillage and diversified rotations, particularly 
in upland systems with low P availability (Hartmann 
et al., 2015).

Observed increases in microbial Shannon 
diversity (10-30%) and microbial biomass C (10-40%) 
are primarily reported in long-term (>5-10 yr) rotation 
experiments in temperate and subtropical systems, 
particularly where residue retention and balanced 
fertilization are practiced (Williams et al., 2023; Liu 
et al., 2024). These effects are weaker or inconsistent 
in short-term trials (<3 years) or in highly degraded 
soils with low organic matter. The key patterns 
summarized here are presented in Table 1.

Crop rotation and diversification influence not 
only taxonomic composition but also microbial 
functional traits and network interactions that 
regulate ecosystem service delivery.       Recent studies 
demonstrate that microbial functional diversity 
and the structure of microbial interaction networks 
are stronger predictors of nutrient cycling, disease 
suppression, and system resilience than species 
richness alone (Hartmann et al., 2015; Banerjee et al., 
2018). In legume-based and diversified rotations, the 
enrichment of diazotrophic taxa such as Rhizobium, 
Bradyrhizobium, and Azospirillum increases 
nitrogen-fixation potential and strengthens nitrogen-
cycling hubs within microbial networks, enhancing 
functional redundancy and buffering systems against 
nutrient stress. Conversely, simplified monocropping 
systems tend to reduce network connectivity and 
favor fewer functional guilds, making soil processes 
more vulnerable to disturbance.

Tillage Intensity and Residue Management. 
Tillage intensity fundamentally regulates soil 
physical disturbance, organic matter distribution, 
and microhabitat stability, thereby exerting strong 
control over soil microbial community composition 
and function. Conventional tillage, characterized by 
intensive soil inversion and residue burial, disrupts 
soil aggregates and fungal hyphal networks, often 
leading to bacterial-dominated communities, reduced 
fungal: bacterial ratios, and accelerated organic 
matter mineralization. While this can temporarily 
increase nutrient availability, long-term conventional 
tillage is consistently associated with declines in 
microbial diversity, reduced carbon stabilization, and 
weakened soil structural integrity (Six et al., 2006; 
Cania et al., 2019). In contrast, reduced tillage and no-
till systems minimize soil disturbance and maintain 
surface residues, promoting the persistence of fungal-
dominated microbial networks, including arbuscular 
mycorrhizal fungi (AMF), saprotrophic fungi, 
and oligotrophic bacterial taxa. Long-term field 
experiments report 15-40% increases in microbial 
biomass carbon, higher extracellular enzyme 
activities involved in carbon and nitrogen cycling, 
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and greater microbial network complexity under 
reduced and no-till management compared with 
conventional plowing, particularly when residues are 
retained (Steponavičienė et al., 2024; Pittelkow et 
al., 2015). However, reduced tillage may also favor 
certain residue-borne pathogens or slow nutrient 
release in cooler climates, highlighting trade-offs that 
are highly context dependent.

Residue management practices further modulate 
tillage effects on microbial diversity. In-situ residue 
retention generally enhances microbial abundance 
and functional diversity by providing continuous 
carbon inputs and microclimatic buffering, favoring 
decomposers such as Actinobacteria, Basidiomycota, 
and cellulose-degrading fungi. In contrast, chemical- 
or urea-assisted residue decomposition can accelerate 
residue breakdown but may transiently suppress 
microbial evenness by stimulating copiotrophic 
bacteria and increasing nitrogen availability, 
particularly under high application rates. In 
flooded rice systems, residue incorporation without 
adequate water or redox management may stimulate 
methanogenic archaea, whereas surface residue 
retention under alternate wetting and drying favors 
a more balanced assemblage of anaerobic and aerobic 
microbial guilds (Cania et al., 2019; Conrad, 2020).

Overall, evidence from long-term trials indicates 
that reduced or no-till systems combined with in-
situ residue retention and organic amendments 
consistently support higher microbial diversity, 

functional redundancy, and ecosystem stability than 
tillage or residue management applied in isolation. 
Thus, tillage and residue strategies should be 
evaluated as integrated management components, 
with explicit consideration of climate, soil texture, 
and cropping system.

Tillage intensity and residue management 
further modulate microbial networks by altering 
soil structure and carbon availability. Reduced 
and no-tillage systems preserve fungal hyphal 
continuity and promote fungal-dominated networks 
that play a central role in carbon cycling and soil 
aggregation. Keystone taxa such as Trichoderma and 
saprotrophic Actinobacteria contribute to organic 
matter decomposition while stabilizing microbial 
interaction networks under residue-retained systems. 
In contrast, intensive tillage disrupts microbial 
connectivity, fragments fungal networks, and reduces 
the abundance of taxa responsible for pathogen 
suppression and long-term carbon stabilization 
(Banerjee et al., 2018).

Fertilization Regimes and Organic Inputs. 
Fertilization regimes exert strong selective 
pressure on soil microbial communities by altering 
nutrient stoichiometry, carbon availability, and soil 
physicochemical conditions. Pure inorganic fertilizer 
application, particularly nitrogen supplied as urea or 
ammonium-based fertilizers, consistently promotes 
copiotrophic bacterial taxa (e.g., Proteobacteria, 
Bacteroidetes) adapted to high nutrient availability, 

Table 1. Effects of crop rotation on soil microbial communities across agroecosystems.

Rotation Type / Region Key Mechanism Dominant Taxa / Functional 
Group

Observed Diversity 
Outcomes

Rice-corn, rice-upland 
(China, Vietnam, Philippines)

Alternating flooded-
aerobic phases create 
cyclical redox conditions

Anaerobic decomposers 
during rice; aerobic nitrifiers 
and phosphate-solubilizers 
during upland phases

↑ Functional redundancy;  
↑ Microbial evenness¹²

Cereal-legume (corn-
soybean, rice-mungbean; 
Asia, North America)

Biological N fixation by 
legumes increases soil N

Diazotrophs (Rhizobium, 
Bradyrhizobium, Azospirillum); 
↑ nifH gene abundance²³

↑ Shannon diversity;  
↑ Microbial biomass C²³

Vegetable-based / diversified 
rotations (solanaceous-
legume-cucurbit; tropical 
Asia)

High root exudate 
diversity & frequent 
residue turnover

Copiotrophic and 
disease-suppressive taxa 
(Pseudomonas, Bacillus); ↓ 
Fungal dominance⁴

↑ Microbial evenness; 
moderate  
↑ Shannon diversity⁴

Multi-storey / high-value 
crops (pineapple-vegetable-
root; Southeast Asia)

Spatial and temporal 
niche differentiation; 
moderate fertilization, 
residue retention

AM fungi, Actinobacteria⁵ ↑ Microbial richness;  
↑ Microbial biomass C⁵

Legume-inclusive rotations 
(general)

Neutral pH, moderate 
SOC, reduced N inputs Diazotrophs dominance⁶ ↑ Shannon diversity;  

↑ Microbial biomass C⁶

Cereal monocropping with 
low residue / drought-prone

Low residue input, 
periodic drought Actinobacteria⁶ ↓ Microbial richness;  

↓ Microbial evenness⁶

Reduced tillage, diversified 
upland systems with low P Niche availability, low P Arbuscular mycorrhizal fungi⁷ ↑ Fungal dominance;  

↑ Soil functional stability⁷⁸
“↑” indicates increase relative to baseline monoculture or short-term rotation systems.
1Breidenbach et al., 2017, 2Wang et al., 2024, 3Yang et al., 2019, 4Peralta et al., 2018, 5Schmidt et al., 2019,  
6Ramirez et al., 2010, 7Hartmann et al., 2015, 8Williams et al., 2023
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while reducing microbial community evenness 
and suppressing oligotrophic and slow-growing 
decomposers such as Acidobacteria and many 
saprotrophic fungi (Ramirez et al., 2012; Azarbad 
et al., 2022). Long-term reliance on inorganic N 
inputs is frequently associated with soil acidification, 
reduced enzyme diversity, and declines in functional 
redundancy, thereby narrowing the range of microbial-
mediated ecosystem processes. In contrast, organic 
fertilization systems (e.g., manure, compost, green 
manure, and cover crop residues) supply chemically 
complex and heterogeneous carbon substrates that 
support diverse decomposer communities, including 
Actinobacteria, saprotrophic fungi (Ascomycota 
and Basidiomycota), and phosphorus-solubilizing 
bacteria. Numerous long-term field studies show 
that organic inputs increase microbial biomass 
carbon, extracellular enzyme activities involved in 
carbon (β-glucosidase, cellulase) and phosphorus 
cycling (phoD), and overall microbial network 
complexity within 1-3 years of application (Schmidt 
et al., 2019; Bertola et al., 2021). Integrated nutrient 
management, combining inorganic fertilizers with 
organic amendments, consistently emerges as the 
most resilient strategy across agroecosystems. Meta-
analyses and multi-year experiments demonstrate that 
such systems maintain crop yields while sustaining 
higher microbial diversity, greater functional gene 
richness, and more stable microbial networks than 
mineral-only fertilization (Khmelevtsova et al., 
2022; Liu et al., 2024). Microbial community shifts 
under integrated systems often become detectable 
within the first 1-2 years, while full restructuring of 
microbial functional profiles typically requires ≥3-5 
years, particularly for nitrogen-cycling guilds and 
carbon-stabilizing fungi.

The definition of “long-term inorganic nitrogen 
application” in the literature generally refers to 
continuous mineral N inputs applied for 5-10 years, 
with some classical experiments extending beyond 
20 years. Long-term inorganic N application (≥5-10 
years) in wheat, maize, and rice systems in China 
and Europe consistently reduces microbial evenness 
and nif H abundance while increasing nitrifier and 
denitrifier dominance under high N rates (>200 kg  
N ha-1 yr-1) (Ramirez et al., 2010; Azarbad et al., 2022). 
Organic systems (manure, compost, green manure) 
promote fungal decomposers and P-mobilizing 
bacteria, while integrated nutrient management 
restores microbial balance within 2-5 years after 
transition from mineral-only regimes (Liu et al., 
2024).

Across such time scales, studies consistently 
report reductions in nif H gene abundance, altered 
amoA-driven nitrification dynamics, and increased 
dominance of denitrifiers under high N rates, effects 

that are partially reversible when organic inputs are 
reintroduced or N rates are reduced (Ramirez et al., 
2010; Liu et al., 2024). Thus, shifts in fertilization 
strategy      from mineral-only to integrated or organic 
systems      can gradually restore microbial evenness, 
functional redundancy, and nutrient cycling capacity, 
although recovery trajectories depend strongly on 
soil type, climate, and historical management.

Fertilization regimes also shape microbial 
functional traits and network roles by selectively 
favoring taxa with specific nutrient acquisition 
strategies. Organic amendments enhance the 
abundance of functionally versatile microbial 
groups, including Bacillus, Pseudomonas, and 
Acidobacteria, which contribute to enzyme-mediated 
nutrient mobilization and disease suppression. 
Integrated nutrient management systems support 
more complex microbial networks with multiple 
functional hubs, increasing system stability under 
fluctuating nutrient inputs. In contrast, long-term 
mineral-only fertilization often simplifies microbial 
networks, reduces functional redundancy, and shifts 
communities toward copiotrophic taxa with limited 
ecosystem service capacity.

To synthesize how farming practices, influence 
microbial functional traits, keystone taxa, and 
interaction networks, Table 2 summarizes dominant 
microbial groups, their functional attributes, and 
their roles in supporting soil ecosystem services and 
crop productivity across major agricultural systems.

Rice-specific Systems (Flooding, AWD, 
and rotations with upland crops). Rice-based 
agroecosystems are distinguished by their strong 
hydrological and redox dynamics, which exert 
first-order control on soil microbial community 
structure and function. Prolonged flooding 
during rice cultivation promotes anaerobic 
conditions that favor methanogenic archaea (e.g., 
Methanobacteriales, Methanosarcinales) and 
denitrifiers while suppressing aerobic decomposers 
and nitrifiers. In contrast, drainage phases introduce 
oxic microsites that stimulate ammonia-oxidizing 
bacteria and archaea (Nitrosospira, Nitrososphaera) 
and enhance aerobic carbon turnover (Conrad, 
2007; Breidenbach et al., 2017). Management 
interventions such as Alternate Wetting and Drying 
(AWD) deliberately exploit these redox oscillations; 
multiple field studies and meta-analyses show that 
AWD consistently reduces methanogen abundance 
and methane emissions while increasing amoA 
gene abundance and nitrification potential, often 
improving nitrogen-use efficiency without yield  
penalties (Yang et al., 2012; Aminurrasyid et al., 
2025). Beyond water management, rice systems are 
increasingly exposed to abiotic stresses that reshape 
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microbial communities. Microbial responses differ 
across irrigated lowland, rainfed, drought-prone, 
and saline-prone rice ecosystems. AWD reduces 
methanogen abundance in irrigated lowlands of 
China and Southeast Asia, while saline intrusion 
in coastal rice systems favors halotolerant taxa and 
suppresses diazotrophs. Triple-cropping systems 
intensify microbial turnover but may reduce 
functional redundancy without residue and organic 
matter inputs (Zhao et al., 2024; Tang et al., 2025). 
Drought episodes during rice fallow or reproductive 
stages reduce microbial biomass and suppress 
denitrification, while favoring drought-tolerant taxa 
such as Actinobacteria and spore-forming Firmicutes 
(De Silva et al., 2025). Conversely, saltwater intrusion 
in coastal rice-growing areas selects for halotolerant 
and sulfate-reducing microorganisms, alters nitrogen 
cycling pathways, and can suppress diazotrophic 
activity, thereby constraining biological nitrogen 
inputs (Rath et al., 2017). Periodic submergence at 
sensitive growth stages (e.g., tillering or flowering), 
as well as increasing soil temperatures under climate 
warming, further modify microbial respiration 
rates, methanogenesis, and enzyme kinetics, with 
measurable consequences for greenhouse gas 
emissions and nutrient availability (Rajendran et al., 
2024; Wang et al., 2021).

Cropping intensity also plays a critical role. 
Intensive systems with two to three rice crops per 
year sustain prolonged anaerobic conditions and 
high residue inputs, often leading to simplified 
microbial networks dominated by methanogens and 

facultative anaerobes, alongside declining functional 
redundancy over time (Liu et al., 2021). In contrast, 
rotations between rice and upland crops such as 
maize, peanut, or vegetables periodically reintroduce 
aerobic phases, increasing microbial richness and 
promoting functional groups involved in nitrification, 
phosphorus solubilization, and residue decomposition 
(Breidenbach et al., 2017; Williams et al., 2023). 
Empirical studies across Asia consistently report 
that rice–upland rotations support more balanced 
N-cycling gene profiles than continuous flooded rice, 
although outcomes depend on residue retention and 
fertilization strategies.

Additional rice-specific crop management 
practices including residue incorporation versus 
removal, straw decomposition methods, fertilizer 
placement, and transplanting density further 
modulate microbial diversity and activity. Straw 
incorporation under flooded conditions can stimulate 
methanogenesis if unmanaged, whereas synchronized 
residue management with AWD or upland rotations 
mitigates methane production while sustaining 
microbial biomass and enzymatic activity (Yang et 
al., 2012; Conrad, 2007). Collectively, these findings 
demonstrate that rice microbial communities are 
shaped not by flooding alone but by interacting water, 
climate, cropping intensity, and residue-management 
regimes. Review syntheses of rice systems should 
therefore integrate taxonomic, functional gene, and 
greenhouse gas measurements across contrasting 
management and environmental conditions to 
generate robust, management-relevant conclusions.

Table 2. Dominant microbial groups, functional traits, and ecosystem roles across fertilization systems. 

Fertilization Regime Dominant Microbial Groups / 
Keystone Taxa

Key Functional 
Traits

Roles in Soil Ecosystem Services 
and Crop Productivity

Inorganic / mineral-only Proteobacteria, Bacteroidetes, 
nitrifiers, denitrifiers (Ramirez, 
2010; Azarbad et al., 2022)

Copiotrophic, 
fast-growing, 
N-transforming

Rapid nutrient turnover; reduced 
microbial evenness; simplified 
networks; decreased functional 
redundancy

Long-term inorganic N 
(≥5-10 yr)

Nitrifiers, denitrifiers; reduced 
diazotrophs (nifH+) (Ramirez, 
2010; Liu et al., 2024)

High N tolerance; 
acidification-
adapted

Suppressed nitrogen fixation; 
reduced functional redundancy; 
altered soil pH and enzyme 
diversity

Organic (manure, 
compost, green manure, 
cover crops)

Actinobacteria; Ascomycota 
& Basidiomycota fungi; 
P-solubilizing bacteria (Schmidt 
et al., 2019; Bertola et al., 2021)

Saprotrophic, 
slow-growing, 
nutrient-mobilizing

Enhanced decomposition; 
increased microbial biomass C; 
higher enzyme diversity; improved 
nutrient cycling

Integrated nutrient 
management (organic + 
inorganic)

Bacillus; Pseudomonas; 
Acidobacteria; diverse fungal 
guilds (Khmelevtsova et al., 2022; 
Liu et al., 2024)

Functionally 
versatile; network 
hubs

Maintains crop yield; restores 
microbial evenness; high functional 
redundancy; stable interaction 
networks

Transition from mineral-
only - organic/integrated 
(1-5 yr)

Increasing saprotrophic fungi & 
P-solubilizers (Liu et al., 2024)

Adaptable 
decomposers

Gradual recovery of microbial 
balance, nutrient cycling, and 
network complexity

Transition from mineral-
only -organic/integrated 
(1-5 yr)

Increasing saprotrophic fungi & 
P-solubilizers (Liu et al., 2024)

Adaptable 
decomposers

Gradual recovery of microbial 
balance, nutrient cycling, and 
network complexity
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Microbial Inoculants, Biofertilizers, and 
Biocontrol (Evidence and Limits). Microbial 
inoculants, including plant growth-promoting 
rhizobacteria (PGPR), arbuscular mycorrhizal fungi 
(AMF), and biocontrol agents such as Bacillus and 
Trichoderma spp., have demonstrated measurable 
benefits for crop productivity, nutrient acquisition, 
and disease suppression under both controlled 
environments and selected field conditions. Meta-
analyses report average yield increases ranging 
from 5-15% for PGPR and AMF applications, with 
stronger effects under nutrient-limited or abiotic 
stress conditions such as drought or low phosphorus 
availability (Schütz et al., 2017; Li et al., 2022). 
Biocontrol agents, particularly Bacillus subtilis and 
Trichoderma harzianum, have shown consistent 
suppression of soil-borne pathogens through 
antibiotic production, induced systemic resistance, 
and niche competition, contributing to reduced 
chemical pesticide dependence in rice, vegetable, and 
cereal systems (Harman et al., 2021; Shrestha et al., 
2016). Despite these advantages, large variability in 
inoculant performance remains a central limitation. 
Field-scale studies and global syntheses indicate 
that inoculant survival and efficacy are strongly 
constrained by soil physicochemical properties, 
including pH, texture, organic carbon content, and 
native microbial community composition (Dos Reis 
et al., 2024; Schmidt et al., 2019). For example, 
AMF colonization and function decline sharply in 
acidic soils (pH < 5.5) or under high phosphorus 
fertilization, while certain PGPR strains become 
ineffective or antagonistic in highly alkaline or saline 
environments (Nouwen et al., 2025; Rath et al., 2017). 
In some cases, introduced strains fail to establish 
due to competitive exclusion by well-adapted native 
microbiota, resulting in neutral or even negative 
impacts on microbial diversity and plant performance.

Temporal dynamics further influence outcomes. 
Short-term responses (within one growing season) 
often reflect transient increases in target microbial 
groups, whereas longer-term establishment (≥2–3 
years) depends on repeated applications, compatible 
crop rotations, and organic matter inputs that stabilize 
microbial niches (Bertola et al., 2021; Li et al., 2022). 
Integrated management strategies      such as combining 
inoculants with crop rotation, residue retention, 
and moderate organic amendments consistently 
outperform inoculant-only approaches by reducing 
environmental stress and enhancing microbial 
persistence. Consequently, microbial products are 
most effective when deployed as components of 
microbial-conscious farming systems rather than as 
stand-alone substitutes for sound soil management. 
Future research should emphasize standardized 
multi-site trials, explicit reporting of soil conditions, 
and long-term assessments to clarify when and where 

microbial inoculants reliably enhance soil microbial 
diversity and ecosystem function.

Climate and Environmental Conditions 

Environmental and climatic conditions act as 
overarching modifiers of soil microbial responses 
to crop management practices, interacting strongly 
with cropping systems, tillage, fertilization, and 
residue management. Soil temperature and moisture 
regulate microbial metabolism, enzyme activity, 
and community composition, thereby mediating 
the effects of management interventions on nutrient 
cycling and soil health. Seasonal fluctuations in 
moisture availability drive pronounced shifts in 
microbial assemblages; for example, arbuscular 
mycorrhizal (AM) fungal communities exhibit 
distinct wet- and dry-season compositions, reflecting 
differences in carbon allocation, host phenology, 
and soil aeration (Dumbrell et al., 2011). Prolonged 
drought stress can reduce total microbial biomass by 
40-80%, constraining organic matter decomposition, 
aggregate stability, and plant–microbe interactions, 
while favoring drought-tolerant taxa such as 
Actinobacteria and spore-forming Bacillus spp. that 
help maintain partial functional redundancy (Manzoni 
et al., 2012; De Silva et al., 2025). Climate effects are 
further compounded by crop and soil management. 
Drying-rewetting cycles common in rainfed and 
rotational systems alter redox dynamics and nutrient 
availability, reshaping microbial functional pathways 
such as nitrification and denitrification (de Vries and 
Shade, 2013). Elevated temperatures and increased 
atmospheric CO2 can stimulate microbial respiration 
and accelerate carbon turnover, but may also shift 
communities toward fast-growing copiotrophic 
taxa, potentially reducing long-term soil carbon 
stabilization unless counterbalanced by residue 
retention or organic amendments (Crowther et al., 
2016). Moisture stress has been shown to suppress 
populations of symbiotic nitrogen-fixing bacteria such 
as Rhizobium spp., reducing nodulation efficiency in 
legume phases of crop rotations (Pena-Cabriales and 
Alexander, 1979).

Climate effects described here are crop- and 
system-specific, primarily derived from cultivated 
agroecosystems rather than forests or grasslands. 
Drought impacts are strongest in rainfed cereals, 
whereas temperature effects are most pronounced 
in flooded rice systems where microbial-mediated 
greenhouse gas emissions are sensitive to warming 
(de Vries and Shade, 2013).

Importantly, management strategies can buffer 
microbial communities against climatic variability. 
Practices such as crop diversification, cover cropping, 
reduced tillage, and organic matter inputs increase 
soil organic carbon and improve soil structure, 
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enhancing moisture retention and thermal buffering. 
These conditions promote more stable microbial 
networks capable of sustaining nutrient cycling under 
climate stress (Schmidt et al., 2019; Williams et al., 
2023). Thus, climatic and environmental drivers 
should be interpreted not as isolated stressors, but as 
interacting forces that modulate the outcomes of crop 
management decisions on soil microbial diversity and 
ecosystem functioning.

Challenges and Knowledge Gaps

Despite substantial advances in soil microbiome 
research, several critical and unresolved gaps remain 
that limit the translation of existing knowledge into 
predictive and management-ready frameworks. 
While archaea, protists, nematodes, and other soil 
fauna have been documented in agricultural systems, 
most studies remain bacteria- and fungi-centric, 
with non-bacterial groups often underrepresented 
in routine surveys due to methodological constraints 
and limited functional annotation (Geisen et al., 2019; 
Gupta et al., 2022). As a result, their contributions to 
nutrient cycling, trophic regulation, and microbial 
network stability in managed agroecosystems are 
still poorly quantified.

Long-term and multi-site studies have 
demonstrated that farming practices influence 
microbial composition; however, few experiments 
simultaneously link temporal microbial dynamics, 
functional gene abundance, and crop productivity 
across seasons and locations (Hartmann et al., 2015; 
Banerjee et al., 2018). Existing long-term trials 
often report compositional shifts but stop short 
of establishing quantitative relationships between 
microbial functional traits (e.g., nif H-, amoA-, phoD-
associated processes) and agronomic outcomes, 
limiting their utility for decision-making. Although 
functional gene markers are increasingly measured, 
their integration into predictive models of yield 
stability, nutrient-use efficiency, and resilience to 
climate stress remains limited (Ramirez et al., 2010; 
Delgado-Baquerizo et al., 2020).

Moreover, while microbial network analyses and 
soil health indices have been explored independently, 
their combined application within adaptive 
management frameworks is still in its infancy. Few 
studies explicitly integrate microbial interaction 
networks with soil physicochemical indicators 
and climate variables to identify keystone taxa or 
functional thresholds that signal system resilience or 
vulnerability (Banerjee et al., 2018; de Vries et al., 
2018). Addressing these gaps will require coordinated 
long-term field experiments that combine multi-
omics approaches, microbial network analysis, and 
agronomic performance metrics across diverse 

cropping systems and environmental gradients. Such 
integrative efforts are essential to move microbial-
conscious agriculture from descriptive understanding 
toward predictive and operational application. Despite 
extensive literature, key gaps remain within specific 
systems: (1) limited multi-year data on microbial 
recovery after transition from monocropping to 
rotation in tropical rice systems; (2) insufficient 
thresholds for functional redundancy under AWD and 
drought; (2) inconsistent performance of microbial 
inoculants across soil types and climates. Addressing 
these gaps requires crop-specific, long-term, multi-
location trials integrating microbial functional 
indicators with agronomic outcomes.

Opportunities for Enhancing Microbial 
Diversity

•	 Adopt integrated management: combine 
diversified rotations, residue retention, 
reduced tillage, and targeted organic inputs 
to synergistically support microbial diversity 
and maintain yields.

•	 Targeted inoculant use: deploy microbial 
products where native communities are 
depleted (e.g., long-term monoculture fields) 
and evaluate in multi-year trials.

•	 Standardize reporting: adopt minimum 
metadata standards (crop history, soil depth, 
sampling month, management) to allow meta-
analyses.

•	 Policy and extension: translate microbial 
indicators into farmer-friendly metrics (e.g., 
soil microbial biomass, basic enzyme assays) 
and incorporate them into advisory systems.

•	 Microbial inoculants and biofertilizers: 
Combinations of Azotobacter, phosphate-
solubilizing bacteria, and AM fungi enhance 
nutrient uptake, root growth, and soil 
aggregation (Bertola et al. 2021).

•	 Biocontrol agents: B. subtilis and T. harzianum 
suppress pathogens, reducing chemical 
pesticide reliance (Francis et al. 2020).

•	 Agronomic practices: Crop rotation, cover 
cropping, residue retention, reduced tillage, 
and organic inputs reinforce microbial 
networks, improving functional diversity 
and ecosystem services (Town et al. 2023; 
Williams et al. 2023).

Combining microbial-based technologies with 
microbial-informed agronomy achieves productivity, 
sustainability, and resilience to climate variability.
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Conclusion
Soil microbial diversity is a core component 

of agroecosystem resilience. Evidence from 
multi-site trials and meta-analyses indicates that 
diversified cropping systems, conservation tillage 
with residue retention, and organic matter additions 
consistently support higher microbial richness, 
functional redundancy, and network stability than 
monocropping and mineral-only fertilization 
regimes. Future studies must combine taxonomic and 
functional profiling with agronomic metrics across 
multiple years and locations to make the review 
exhaustive and actionable. Implementing microbial-
conscious management at scale hinges on integrating 
these scientific insights into adaptive management 
frameworks that account for local soil, climate, and 
crop contexts.
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