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Abstract 

Black pepper (Piper nigrum L.) is an economically important perennial spice crop in Tanzania, but the identity, phenotypic 

distinctness and yield-component characteristics of farmer-maintained planting materials remain poorly documented. This study 

characterized farmer-recognized black pepper genotypes using integrated vegetative, leaf, spike, berry and reproductive-mass 

descriptors. An observational on-farm blocked characterization study was conducted across nine farms in Morogoro, Tanga and 

Unguja. A total of 138 mature vines were assessed for 28 descriptors, comprising nine qualitative and 19 quantitative traits. 

Vine-level quantitative data were analyzed using linear mixed-effects models that accounted for farm-level clustering. 

Qualitative descriptors were analyzed using Fisher’s exact tests with Monte Carlo simulation and Cramér’s V. Relationships 

among traits and integrated phenotypic structure were examined using correlation analysis, principal component analysis, factor 

analysis of mixed data, Gower-distance clustering and PERMANOVA. Soil variability among the nine farms was examined 

exploratorily using principal component analysis. Strong genotype-associated differentiation was observed for spike length (F = 

171.94, p < 0.001, partial η2 = 0.954), number of spikes per kilogram (F = 42.09, p < 0.001, partial η2 = 0.927), berry length (F 

= 62.96, p < 0.001, partial η2 = 0.901), berry-size index (F = 35.71, p < 0.001, partial η2 = 0.813) and leaf-size index (F = 33.79, 

p < 0.001, partial η2 = 0.796). BABUKUBWA expressed the longest spikes and largest leaves but comparatively light dry spikes. 

KATI had the greatest individual dry spike weight, BABUNDOGO had the greatest fresh weight of 100 spikes, ISMAILIA 

produced the most berries per spike, and NDEFU and KATI had the greatest 1,000-berry mass. Qualitative differentiation was 

strongest for spike shape (V = 0.909), spike setting (V = 0.806), leaf shape (V = 0.777), branching habit (V = 0.745) and leaf 

venation (V = 0.667). Multivariate analyses indicated that differentiation reflected integrated combinations of vegetative and 

reproductive traits, while farm-level clustering was pronounced for several vigour and reproductive-mass traits. Farmer-

recognized black pepper genotypes in the surveyed production environments possessed coherent and multidimensional 

phenotypic profiles. Spike length alone did not predict reproductive mass, demonstrating that selection should integrate spike 

number, berry number, berry size, spike mass and dry recovery. The identified materials provide candidate germplasm for 

conservation and further evaluation, but morphological differentiation does not confirm genetic distinctness. Molecular 

characterization, and balanced multi-environment clonal trials are required before the materials can be recognized as distinct 

cultivars or recommended for formal release. 
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1. Introduction 

Black pepper (Piper nigrum L.) is a high-value perennial 

spice crop with economic importance for food, industrial pro-

cessing and smallholder income generation, largely because its 

dried berries contain pungency and aroma-related compounds 

such as piperine, essential oil and oleoresin [1, 2]. Black pepper 

is a woody, non-self-supporting plant with perennial climbing 

growth characteristics [3]. It belongs to the family Piperaceae 

and is a tetraploid (2n = 52), this complicates inheritance, mak-

ing conventional inbred-line breeding inefficient which makes 

clonal propagation essential to maintain cultivar identity [4]. 

Cultivar diversity is very rich in black pepper. 

In Tanzania, black pepper is cultivated in humid and shade-

supported agroecosystems, including the Uluguru Mountains, 

East Usambara Mountains and coastal production environments, 

where spice crops contribute to diversified livelihoods and local 

agricultural economics [5, 6]. Studies show that about 60% of 

the black pepper farmers in these regions grow it as a cash crop 

[7]. Despite the crop’s commercial potential, Tanzanian farmers 

largely maintain black pepper through farmer-recognized, veg-

etatively propagated materials whose cultivar identity, morpho-

logical distinctness and yield-related value are not fully verified, 

this limits varietal improvement, certification and germplasm 

conservation [8]. Vegetative propagation is valuable because it 

can preserve preferred clones, but under informal systems it can 

also circulate misidentified, diseased or poorly characterized 

planting materials, thereby weakening nursery traceability, 

clean planting-material development, conservation planning 

and future variety registration [9, 10]. 

Morphological characterization provides the first practical 

step toward resolving this constraint. Studies from Malaysia, 

Indonesia and India show that black pepper accessions can be 

differentiated using integrated vegetative, spike, berry and 

yield-related descriptors, rather than relying on a single visible 

trait [11, 12]. Yield improvement in pepper also requires a 

multi-trait view because spike length alone does not neces-

sarily predict productivity; yield depends on spike number, 

berry number, berry filling, berry size, spike mass, dry recov-

ery and total marketable output [13, 14]. Thus, scientific eval-

uation of local black pepper materials must connect morpho-

logical identity with yield-component architecture. 

In Tanzania, Shango et al. [8] provided an important baseline 

by demonstrating morphological and yield-related variation 

among farmer-recognized black pepper genotypes in Morogoro 

District. Nevertheless, existing evidence remains geograph-

ically limited and does not sufficiently clarify whether farmer-

recognized genotypes across wider Tanzanian agroecosystems 

express coherent morphological profiles, which traits are most 

useful for discrimination, and how genotype identity and farm-

level conditions jointly shape trait expression. This gap matters 

because black pepper phenotype is influenced not only by ge-

netic constitution but also by soil fertility, rainfall distribution, 

shade, vine age, support system and management practices [15-

17]. Without broader agroecosystem-level characterization, it is 

difficult to separate stable genotype-associated traits from envi-

ronmentally responsive performance traits. 

This study characterized farmer-recognized black pepper 

genotypes maintained in selected agroecosystems of Morogoro, 

Tanga and Unguja using standardized vegetative, inflorescence, 

berry and yield-component descriptors. The study aimed to de-

termine quantitative and qualitative phenotypic differentiation 

among sampled genotypes, identify traits contributing most 

strongly to discrimination, quantify farm-level contributions to 

trait expression, define integrated phenotypic profiles using 

multivariate analyses and describe edaphic variability among 

sampled farms. The study provides a phenotype-based founda-

tion for germplasm identification, conservation planning and 

prioritization of materials for molecular characterization and fu-

ture multi-environment evaluation. 

2. Materials and Methods 

2.1. Study Site and Target Population 

The study was conducted in three major black pepper-pro-

ducing agroecosystems of Tanzania; the Uluguru Mountains 

in Morogoro Region, the East Usambara Mountains in Tanga 

Region and the Coastal production environment of Unguja, 

Zanzibar. These represent important black pepper production 

environments in Tanzania and have a history of smallholder 

spice cultivation under humid, shade-supported and mixed 

farming systems [5, 8]. Morogoro Rural, Muheza and Ma-

gharibi Districts were selected to represent the respective 

agroecosystems because have highest black pepper production 

volume in the given agroecologies (Figure 1). 

The target was black pepper genotypes grown by farmers in 

the selected agroecosystems. Farms were selected purposively 

based on the presence of at least three contrasting pepper geno-

types, and availability of at least five years mature productive 

vines. This approach was appropriate because the study aimed 
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to characterize existing on-farm germplasm under real produc-

tion conditions rather than to test newly imposed treatments in 

a fully controlled station experiment. Similar on-farm charac-

terization approaches have been used in black pepper and other 

germplasm studies where locally maintained materials are eval-

uated in their production environments [8, 12]. 

2.2. Soil Sampling and Analysis 

Soil sampling was conducted to describe edaphic variability 

among the selected farms and to support exploratory interpre-

tation of soil-morphology relationships. A total of 9 composite 

soil samples were collected at 0-20 cm depth using an S-

shaped sampling pattern, following field soil-sampling princi-

ples as used by Zu et al. [18] in black pepper soil and produc-

tivity study. Each composite sample consisted of five subsam-

ples from each farm, which were mixed, quartered to obtain 

approximately 0.5 kg of representative soil, air-dried and 

passed through a 2 mm sieve before laboratory analysis. 

The soil samples were analyzed at the TARI-Ukiriguru Soil 

Science Laboratory. Soil particle-size distribution was deter-

mined using the hydrometer method [19]. Soil pH was meas-

ured potentiometrically in a soil-water suspension [20]. Ex-

changeable bases were extracted using neutral ammonium ac-

etate; calcium and magnesium were determined by atomic ab-

sorption spectrophotometry, while potassium and sodium 

were determined by flame photometry [21]. Available phos-

phorus was determined using the Bray II method [22], organic 

carbon by the Walkley-Black procedure [23], and total nitro-

gen by the Kjeldahl digestion method [24]. Extractable copper, 

zinc, manganese and iron were extracted using DTPA and 

measured by atomic absorption spectrophotometry [25]. 

2.3. Experimental Design and Plant Sampling 

The study was implemented as an on-farm blocked pepper 

genotype-characterization study. Farms were treated as blocks 

because vines within the same farm shared similar soil, shade, 

support-tree, management and microclimatic conditions. 

Blocking is appropriate where experimental or observational 

units are heterogeneous and where non-treatment variation 

may confound treatment or genotype comparisons [26]. In this 

study, black pepper genotypes represented the main compari-

son groups, while farm-level blocking was used to account for 

environmental and management heterogeneity. 

This study followed a Randomized Complete Block Design 

structure within the practical limits of existing farmer fields. 

However, the genotypes were not experimentally assigned by the 

researchers because the vines were already established in farmers’ 

fields. Therefore, the study was best interpreted as an on-farm 

characterization study rather than a fully controlled variety trial. 

This distinction is important because black pepper is a perennial 

vine, and its performance may be affected by vine age, soil fertil-

ity, rainfall, shade, support system and cultural practices [15-17]. 

Within each region, three farms were selected. Five mature 

vines per genotype per farm were selected where available. 

Only productive vines aged at least five years were considered 

to reduce variation due to plant immaturity and measurements 

were collected from vines at comparable reproductive stages. 

Interior vines were prioritized to minimize edge effects. 

Where farm layout limited this selection, plant position was 

recorded. The same trained field team applied standardized 

sampling positions and descriptor definitions across all farms. 

Measuring tapes, rulers, vernier callipers and digital balances 

were checked or calibrated before and during field assessment 

to improve measurement consistency. 

2.4. Morphological and Yield-Related Data 

Collection 

Morphological characterization followed the Descriptors 

for Black Pepper of the International Plant Genetic Resources 

Institute and the black pepper distinctness, uniformity and sta-

bility guidelines of the Protection of Plant Varieties and Farm-

ers' Rights Authority [27, 28]. The protocol comprised nine 

qualitative and 19 quantitative descriptors covering vegetative 

architecture, leaves, inflorescences, berries and yield compo-

nents, as summarized in Table 1. The use of standardized de-

scriptors was necessary because previous black pepper studies 

have shown that accession discrimination is strongest when 

vegetative, spike and berry traits are evaluated together rather 

than in isolation [8, 11, 12]. 

Vegetative assessment included vine height, number of pri-

mary branches, internode length, lateral branching habit, leaf 

length, leaf width, petiole length, leaf-lamina shape and vena-

tion. Ten mature leaves were sampled from productive plagi-

otropic branches of each vine, preferably from a comparable 

nodal position. Leaf length and width were measured in cen-

timetres, and the leaf-size index was calculated as leaf length 

× leaf width. Inflorescence assessment included spike orienta-

tion, spike shape, spike setting and spike length. Ten mature 

spikes per vine were used for spike-length and berry-number 

measurements. Spike length was measured from the base of 

the first pedicel to the distal end of the spike. These descriptors 

were included because spike morphology and berry filling 

have been shown to contribute to black pepper accession dif-

ferentiation and yield-related performance [8, 13, 16]. 

Berry and yield-component measurements included berries 

per spike, berry length, berry diameter, berry-size index, num-

ber of spikes at 2 m height from the ground, number of spikes 

per kilogram, individual fresh and dry spike weights, fresh 

weight of 100 spikes, fresh weight of 1,000 berries and spike 

dry-recovery ratio. Berry dimensions were measured from 25 

mature berries per vine, and the berry-size index was calculated 

as berry length × berry diameter. Spike dry recovery was calcu-

lated as dry spike weight divided by fresh spike weight × 100. 

Fifty mature spikes were weighed to estimate mean individual 

spike weight. Fresh and dry weights were recorded because 

black pepper productivity and market value depend not only on 

fresh biomass but also on dry recovery and marketable dry 
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product [2, 13, 14]. All measurements were taken during the 

productive reproductive stage using comparable mature plant 

organs. Uncertain qualitative states were reviewed by the field 

team before final coding to reduce observer inconsistency. Data 

collection was done between January and April 2026. 

Table 1. Qualitative and quantitative characters used for descriptor-based morphological and yield-component characterization of black 

pepper genotypes. 

S/N Qualitative characters States 

1 Lateral branching habit Erect; horizontal; hanging 

2 Leaf lamina shape Ovate; ovate-lanceolate; ovate-elliptic; cordate 

3 Leaf base shape Round; cordate 

4 Leaf margin Entire/even; wavy 

5 Type of leaf venation Acrodromous; campylodromous; eucamptodromous 

6 Spike orientation Erect; prostrate/pendant 

7 Spike shape Filiform; cylindrical; globular; conical 

8 Spike setting Loose; medium-loose; compact 

9 Berry shape Round; oval/ovate; oblong 

 

S/N Quantitative characters States Range 

1 Vine height cm 
 

2 Number of primary branches Count  

3 Internode length cm  

4 Leaf length Short; medium; long Short: <10 cm; medium: 10-15 cm; long: >15 cm 

5 Leaf width Narrow; medium; broad Narrow: <7 cm; medium: 7-10 cm; broad: >10 cm 

6 Leaf size index Calculated value Leaf length × leaf width, cm2 

7 Petiole length Short; medium; long Short: <1.5 cm; medium: 1.5-2 cm; long: >2 cm 

8 Spike length Short; medium; long Short:<6 cm; medium: 6-10 cm; long: >10 cm 

9 Number of berries per spike Few; medium; many 
Few: <25 berries; medium: 25-35 berries; 

many: >35 berries 

10 Berry length mm  

11 Berry diameter mm  

12 Berry size 
Small; medium; 

bold/large 

Small: <2.0 mm; medium: 2.0-3.0 mm; 

bold/large: >3.0 mm 

13 Berry size index Calculated value Berry length × berry diameter, mm2 

14 Number of spikes at 2 m height from the ground Count  

15 Number of spikes per kilogram Spikes kg⁻1  

16 Individual fresh spike weight g  

17 Individual dry spike weight g  

18 Fresh weight of 100 spikes g  

19 Fresh weight of 1000 berries g  

Note. Adapted from IPGRI [27] and PPV&FRA [28], with yield-component measurements aligned with Shango et al. [8]. 

http://www.sciencepg.com/journal/ijaas


International Journal of Applied Agricultural Sciences http://www.sciencepg.com/journal/ijaas 

 

156 

 

2.5. Data Analysis 

Data were analyzed in R version 4.5.1 following complete-

ness and quality check. Genotypes with small sample size; 

BOMBAY (n = 1) and PANAMAPENGO (n = 2) were retained 

in maps, and exploratory multivariate displays but were not 

used to support inferential ranking. For each quantitative trait, a 

linear mixed-effects model was fitted with genotype as a fixed 

effect and farm nested within study area as a random intercept. 

This model described genotype-associated differences while ac-

counting for farm-level clustering. Because genotypes and 

study areas were not fully crossed, the genotype term was inter-

preted cautiously and could include environmental features as-

sociated with locations where particular genotypes occurred. A 

formal type × environment interaction was not estimated. 

Fixed effects were evaluated using F-tests with Satterthwaite-

adjusted denominator degrees of freedom. Estimated marginal 

means and 95% confidence intervals were obtained for genotypes, 

and pairwise comparisons were adjusted using Tukey’s method. 

Partial eta-squared quantified fixed-effect magnitude. Marginal 

and conditional R2 and the intraclass correlation coefficient were 

used to describe fixed-effect contribution and farm-level cluster-

ing [29]. Model adequacy was assessed using residual-versus-fit-

ted plots, normal quantile-quantile plots, checks for heteroscedas-

ticity, influential observations and singular random-effect fits. 

Qualitative descriptor states were summarized using frequencies 

and percentages. Associations between genotype and descriptor 

state were evaluated using Fisher’s exact tests with Monte Carlo 

simulation where expected cell counts were small, and Cramér’s 

V summarized association strength. Trait relationships were as-

sessed using Pearson correlations. 

Principal component analysis was applied to standardized 

quantitative traits. Factor analysis of mixed data integrated 

quantitative and qualitative descriptors, and Gower dissimilar-

ities were used for hierarchical clustering. PERMANOVA 

tested overall differences in mixed phenotypic profiles among 

farmer-recognized genotypes. Multivariate results were inter-

preted as phenotypic structure rather than molecular genetic 

relatedness. Farm-level soil variables were standardized be-

fore exploratory principal component analysis. Because only 

nine independent composite samples were available, soil PCA 

was used to summarize edaphic gradients. Soil-phenotype re-

lationships were interpreted descriptively at farm level and 

were not used for causal inference. 

3. Results 

3.1. Sample Composition and Representation 

A total of 138 mature black pepper vines were evaluated 

across nine farms. Morogoro contributed 45 vines, Tanga 47 

and Zanzibar 46. BABUKUBWA, BABUNDOGO and IS-

MAILIA were each represented by 15 vines, while FUPI, 

KATI and NDEFU were each represented by 30 vines. BOM-

BAY and PANAMAPENGO were represented by one and 

two vines, respectively, and were therefore retained only for 

descriptive presentation. Genotype representation was geo-

graphically unbalanced. BABUKUBWA, BABUNDOGO 

and ISMAILIA were evaluated only in Morogoro, whereas 

FUPI, KATI and NDEFU were represented in Tanga and Zan-

zibar. (Figure 1). 

 
Figure 1. Study locations and representation of farmer-recognized black pepper genotypes across sampled farms in Morogoro Rural, Muheza 

and Magharibi A districts, Tanzania. 
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3.2. Quantitative Phenotypic and  

Yield-Component Differentiation 

Farmer-recognized genotypes differed across the quantita-

tive traits evaluated. The strongest genotype-associated differ-

entiation occurred in spike length (F = 171.94, p < 0.001, par-

tial η2 = 0.954), number of spikes per kilogram (F = 42.09, p 

< 0.001, partial η2 = 0.927), berry length (F = 62.96, p < 0.001, 

partial η2 = 0.901), berry-size index (F = 35.71, p < 0.001, 

partial η2 = 0.813) and leaf-size index (F = 33.79, p < 0.001, 

partial η2 = 0.796). These effects indicate strong separation 

among sampled genotype groups but do not independently es-

tablish genetic control. 

Vegetative characteristics varied among genotypes. BA-

BUNDOGO had the greatest estimated mean vine height at 

449.9 cm, followed by NDEFU at 446.1 cm, KATI at 424.6 

cm and FUPI at 414.7 cm. ISMAILIA had the lowest esti-

mated mean vine height at 267.7 cm (Figure 2). BA-

BUKUBWA had the largest leaves, with mean leaf length and 

width of 14.69 and 8.67 cm, respectively, whereas NDEFU 

had intermediate values of 12.82 and 7.77 cm. The remaining 

principal genotypes had comparatively smaller leaf dimen-

sions. 

Reproductive differentiation was particularly evident in 

spike architecture. BABUKUBWA had the longest spikes, 

with an estimated mean of 14.19 cm, followed by NDEFU at 

12.95 cm. By contrast, BABUNDOGO and FUPI had substan-

tially shorter spikes, averaging 5.69 and 5.44 cm, respectively. 

ISMAILIA produced the highest number of berries per spike 

at 54.1, followed by KATI at 48.4 berries per spike (Figure 2 

and 3). 

Spike- and berry-weight traits followed a different pattern 

from spike length. KATI had the greatest mean individual dry 

spike weight at 4.13 g, followed by BABUNDOGO at 3.32 g, 

FUPI at 2.98 g and NDEFU at 2.97 g. Despite its long spikes, 

BABUKUBWA had the lowest dry spike weight among the 

six principal types at 2.46 g. Fresh weight of 100 spikes was 

highest in BABUNDOGO at 393.3 g, followed by KATI at 

382.1 g and FUPI at 350.8 g. NDEFU and KATI had the great-

est fresh weights of 1,000 berries at 161.3 and 159.2 g, respec-

tively. BABUKUBWA had the largest number of spikes per 

kilogram at 199.1, reflecting lighter individual spikes rather 

than superior productivity (Figure 2). 

 
Figure 2. Estimated mean performance of farmer-recognized black pepper genotypes in vine, leaf, spike and berry traits. 

http://www.sciencepg.com/journal/ijaas


International Journal of Applied Agricultural Sciences http://www.sciencepg.com/journal/ijaas 

 

158 

 
Figure 3. Representative spike and berry morphology of farmer-recognized black pepper genotypes grown in selected Tanzanian production 

environments. 

3.3. Farm-Level Contribution to Trait 

Expression 

Farm-level clustering varied among traits. The largest re-

ported intraclass correlation coefficients (ICC) occurred for 

number of spikes per kilogram (ICC = 0.676) and fresh weight 

of 1,000 berries (ICC = 0.638). Clustering was also evident for 

individual fresh spike weight (ICC = 0.508), vine height (ICC 

= 0.464), number of spikes recorded at 2 m height (ICC = 0.440) 

and individual dry spike weight (ICC = 0.363). Berry length, 

leaf length and spike length showed comparatively little resid-

ual farm-level clustering after fitting the genotype effect. 

These estimates indicate that several vigour and reproductive-

mass traits were responsive to farm-level conditions. However, 

the ICC values do not identify the specific causes of variation, 

which could include soil fertility, shade, support trees, vine age, 

management, microclimate or unmeasured disease pressure. 

3.4. Qualitative Phenotypic Differentiation 

Farmer-recognized genotypes showed strong associations 

with several qualitative descriptors. The largest association 

was observed for spike shape (Cramér’s V = 0.909), followed 

by spike setting (V = 0.806), leaf shape (V = 0.777), branching 

habit (V = 0.745) and leaf-venation pattern (V = 0.667). The 

reported tests for these descriptors had p < 0.001. Spike orien-

tation showed a weaker association (V = 0.402, p = 0.013), 

while berry shape showed limited differentiation (V = 0.284, 

p = 0.062). 

BABUKUBWA was consistently characterized by erect 

branching, cordate leaves, campylodromous venation, loose 

spike setting and filiform spikes. BABUNDOGO was also 

erect but differed through compact cylindrical spikes. ISMAI-

LIA was predominantly erect and ovate-elliptic and had fili-

form spikes. FUPI was associated mainly with hanging 

branching and compact cylindrical spikes; KATI with hori-

zontal branching, ovate leaves and compact spike setting; and 

NDEFU with horizontal branching, campylodromous vena-

tion and predominantly medium-loose spike setting. Prostrate 

or pendant spikes and round berries predominated across types 

and were less informative for differentiation (Table 2; Figure 

4). 

Table 2. Dominant qualitative descriptor states of farmer-recognized black pepper genotypes. 

Type Branching habit Leaf shape Leaf venation Spike setting Spike shape 

BABUKUBWA Erect, 100% Cordate, 100% Campylodromous, 100% Loose, 100% Filiform, 100% 

BABUNDOGO Erect, 100% Ovate, 66.7% Acrodromous, 66.7% Compact, 100% Cylindrical, 100% 

ISMAILIA Erect, 66.7% Ovate-elliptic, 66.7% Acrodromous, 66.7% Medium-loose, 66.7% Filiform, 100% 

FUPI 
Hanging/pendant, 

66.7% 
Ovate-elliptic, 66.7% Campylodromous, 66.7% Compact, 83.3% Cylindrical, 83.3% 

KATI Horizontal, 83.3% Ovate, 100% Acrodromous, 83.3% Compact, 83.3% Filiform, 100% 
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Type Branching habit Leaf shape Leaf venation Spike setting Spike shape 

NDEFU Horizontal, 83.3% Ovate, 83.3% Campylodromous, 100% Medium-loose, 83.3% Filiform, 96.7% 

Note. Percentages indicate the proportion of assessed vines expressing the dominant state. The table describes phenotypic consistency and does 

not establish genetic uniformity. 

 
Figure 4. Representative leaf and canopy phenotypes of farmer-recognized black pepper genotypes. 

3.5. Associations Among Quantitative Traits 

 
Figure 5. Pearson correlation matrix for vine-level quantitative morphological and yield-component traits. 
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Several strong correlations were observed among vegeta-

tive, spike and berry traits. Individual fresh spike weight was 

strongly positively correlated with individual dry spike weight, 

r = 0.892, while individual dry spike weight was positively 

correlated with fresh weight of 100 spikes, r = 0.741. Vine 

height was strongly correlated with the number of spikes rec-

orded at 2 m height, r = 0.791. Moderate positive correlations 

occurred between berry length and berry diameter, r = 0.554, 

and between leaf length and leaf width, r = 0.408. 

The number of spikes per kilogram was negatively corre-

lated with fresh weight of 100 spikes, r = −0.725, and individ-

ual fresh spike weight, r = −0.651. These relationships were 

expected because fewer heavy spikes, but more light spikes, 

are required to constitute one kilogram. Similarly, the strong 

relationships among individual fresh spike weight, individual 

dry spike weight and fresh weight of 100 spikes partly re-

flected their shared measurement basis. The correlations 

therefore indicate consistency among related spike-mass 

measures rather than entirely independent biological relation-

ships (Figure 5). 

3.6. Multivariate Differentiation of  

Farmer-Recognized Black Pepper 

Genotypes 

The first two principal components explained 44.2% of to-

tal variation in the quantitative traits. PC1 accounted for 

24.2%, while PC2 accounted for 20.0%. Traits contributing 

strongly to the PC1-PC2 ordination included individual dry 

and fresh spike weights, fresh weight of 100 spikes, leaf-size 

index, berry-size index, leaf length, spike dry-recovery ratio, 

spike length and number of spikes per kilogram (Figure 6). 

BABUKUBWA occupied the long-spiked, broad-leaved por-

tion of the ordination but had comparatively light individual 

spikes. KATI and BABUNDOGO were associated more 

strongly with spike mass, NDEFU combined relatively long 

spikes with high 1,000-berry weight, and ISMAILIA was 

characterized principally by high berry number. 

Factor analysis of mixed data showed that Dimensions 1 

and 2 explained 19.2% and 14.3% of the combined quantita-

tive and qualitative variation, respectively, giving a cumula-

tive contribution of 33.5%. Variables contributing strongly in-

cluded spike length, leaf-size index, leaf length, individual dry 

spike weight, fresh weight of 100 spikes, spike dry-recovery 

ratio and branching habit. The mixed-data ordination therefore 

supported the quantitative PCA by showing that differentia-

tion arose from integrated combinations of leaf architecture, 

branching pattern, spike morphology and reproductive mass 

(Figure 6). 

Gower-distance clustering broadly reflected integrated phe-

notypic profiles. PERMANOVA indicated separation among 

farmer-recognized genotype groups (R2 = 0.588, pseudo-F = 

26.51, p = 0.001). This statistic describes genotype-group 

structure in the observed mixed phenotype dataset; because 

several types were geographically restricted, it may also in-

clude environmental structuring. The multivariate results do 

not establish pedigree or genetic relatedness. 

 
Figure 6. Multivariate phenotypic differentiation among farmer-recognized black pepper genotypes: (A) principal component analysis of 

standardized quantitative traits and (B) factor analysis of mixed quantitative and qualitative descriptors. Ellipses summarize within-group 

dispersion and do not represent genetic populations. 
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Figure 7. Hierarchical clustering of farmer-recognized black pepper genotypes using Gower dissimilarities calculated from mixed morpho-

logical and yield-component descriptors. The dendrogram represents phenotypic similarity, not genetic relatedness. 

3.7. Soil Variability Across Sampled Farms 

The first two soil principal components explained 67.8% of 

variation among the nine sampled farms. Soil PC1 accounted 

for 50.1%, while Soil PC2 accounted for 17.8% (Figure 8). 

Variables with large contributions to Soil PC1 represented 

broad soil-fertility and chemical gradients, including organic 

carbon, available phosphorus, electrical conductivity, soil pH 

and exchangeable nutrient components. Soil PC2 was influ-

enced mainly by magnesium-related ratios, exchangeable 

magnesium, zinc, iron and texture components. The results in-

dicated substantial edaphic heterogeneity among the sampled 

farms. 

Exploratory soil-morphology association analysis identi-

fied limited but biologically suggestive relationships. Fresh 

weight of 1000 berries was negatively associated with Soil 

PC1, r = −0.320, p = 0.018, and positively associated with Soil 

PC2, r = 0.327, p = 0.016 (Figure 8). Because only one inde-

pendent composite soil sample was available per farm, soil-

morphology relationships were not used for confirmatory in-

ference and regarded as exploratory. 

 
Figure 8. Soil variability and exploratory soil-morphology relationships across black pepper study farms. (A) Soil PCA based on standardized 

edaphic variables. (B) Correlation heatmap between soil PC trait scores. 
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4. Discussion 

4.1. Morphological Differentiation and 

Descriptor Value 

The strong differentiation observed in structural and repro-

ductive descriptors indicates that farmer-recognized geno-

types corresponded to coherent, observable phenotypic pro-

files. Spike shape and setting, leaf shape, branching habit and 

venation were particularly informative qualitative descriptors, 

while spike length, berry dimensions and leaf-size index pro-

vided strong quantitative separation. These findings support 

the use of standardized morphological descriptors as a first-

stage tool for germplasm identification and nursery traceabil-

ity. The value of combining leaf, branching, spike and berry 

descriptors has been demonstrated in black pepper characteri-

zation studies from Malaysia, Indonesia and India, where cul-

tivated accessions were distinguished more effectively 

through integrated trait profiles than by single characters [2, 

11, 12, 14]. The present results also extend earlier Tanzanian 

work: BABUKUBWA again expressed a long-spiked and 

broad-leaved phenotype, BABUNDOGO retained a shorter 

and more compact spike profile, and ISMAILIA produced the 

greatest number of berries per spike [8]. 

The recurrence of these characteristics across studies sug-

gests that some descriptors may be comparatively persistent. 

However, similarity between studies does not demonstrate ge-

netic uniformity. Morphological expression may vary with 

vine age, shade, support-tree characteristics, soil fertility, crop 

management and seasonal conditions [15-17]. Farmer nomen-

clature is therefore a useful starting point for germplasm in-

vestigation but not definitive evidence of cultivar identity. 

Molecular studies have shown that visible differentiation, ge-

ographical origin and genetic relatedness do not always coin-

cide in black pepper. Indian cultivars have been separated us-

ing RAPD and microsatellite markers, demonstrating genuine 

molecular differentiation among some named materials [30-

32]. In contrast, high-density SNP analysis of 175 Sri Lankan 

accessions identified little geographical genetic structure de-

spite sampling across eight agroclimatic regions [33]. 

4.2. Yield-Component Architecture and 

Selection Implications 

The separation between spike length and spike mass was a 

central biological finding. BABUKUBWA produced the long-

est spikes and largest leaves but had comparatively light indi-

vidual dry spikes. KATI and BABUNDOGO had shorter 

spikes but stronger spike-weight attributes. ISMAILIA ex-

pressed the greatest number of berries per spike, while 

NDEFU and KATI had high 1,000-berry mass. Long spikes 

should therefore not be treated automatically as indicators of 

superior yield potential. Marketable dry production depends 

on the number of productive spikes, berries per spike, individ-

ual berry mass, and fresh-to-dry recovery. A shorter compact 

spike with well-developed berries may produce more market-

able dry matter than a long but sparsely filled or lightweight 

spike. Selection based solely on visually attractive long spikes 

could overlook materials carrying favourable berry-mass or 

spike-weight traits. Similar multi-trait yield architecture has 

been reported in other black pepper germplasm evaluations 

[13, 14, 16]. 

The contrasting profiles suggest that no single genotype 

possessed all desirable characteristics. The materials should 

be viewed as sources of complementary traits rather than 

ranked immediately as superior or inferior cultivars. Future 

selection should focus on independently meaningful end-

points, particularly total fresh and dry yield per vine, dry re-

covery, marketable grade and stability across harvests. Selec-

tion based only on fresh mass could therefore favour water-

rich material rather than genuinely greater marketable dry 

matter. Yield-component research in black pepper has also 

shown that the relevance of a trait can change according to 

whether the endpoint is fresh berry yield, dry pepper yield or 

quality-adjusted economic yield [13, 14]. 

4.3. Farm Environment and Trait-Expression 

Farm-level clustering was substantial for number of spikes 

per kilogram, 1,000-berry weight, individual fresh spike 

weight, vine height, spike number at 2 m and individual dry 

spike weight. These traits are related to vigour, reproductive 

loading and biomass accumulation and are likely to be sensi-

tive to vine age, soil fertility, moisture availability, shade, sup-

port-tree species, pruning, nutrition, disease pressure and mi-

croclimate [15-17]. By comparison, spike length, leaf length 

and berry length showed less residual farm-level clustering af-

ter fitting the genotype effect. This may indicate that some 

structural traits are relatively more consistent than vigour or 

biomass traits, although stability must still be tested in bal-

anced trials. Because several genotypes were geographically 

restricted, genotype and study area were partly confounded. 

The present study cannot make a complete genetic-environ-

mental partition or estimate type × environment interaction. A 

balanced multi-environment clonal trial is required in which 

the same verified accessions are established across locations 

using standardized planting material and management. 

4.4. Multivariate Profiles and the Meaning of 

Local Names 

PCA, factor analysis of mixed data, Gower clustering and 

PERMANOVA consistently indicated that sampled genotypes 

differed through integrated phenotype profiles rather than a 

single dominant trait. The moderate proportion of total varia-

tion explained by the first two axes reflects the multidimen-
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sional nature of the phenotype, which combined vegetative ar-

chitecture, leaf form, branching habit, spike structure, berry 

loading and reproductive mass. 

The multivariate analyses are valuable because they reveal 

how traits occur together. Nevertheless, PERMANOVA sep-

aration and Gower clustering represent phenotypic group 

structure and similarity, not genetic population structure or 

pedigree. Molecular studies illustrate why this distinction mat-

ters: marker analyses have identified differentiation among 

some named cultivars, whereas high-density SNP analysis of 

Sri Lankan accessions found limited correspondence between 

geography and genetic structure [30-33]. Morphology and 

molecular identity are complementary but not interchangeable 

forms of evidence. 

4.5. Implications for Conservation, Breeding 

and Seed Systems 

The observed phenotypic differentiation indicates that 

farmer fields contain potentially valuable black pepper mate-

rials that should be documented before they are lost through 

vine ageing, disease, drought, replacement or unregulated 

planting-material exchange. Conservation should not be based 

only on local names. Several representative vines should be 

sampled where within-name variation occurs, and each col-

lected clonal line should receive a unique accession identifier 

accompanied by geographic coordinates, source history, de-

scriptor profile, photographs, plant-health status and farmer 

knowledge. 

The contrasting profiles provide a basis for prioritizing ac-

cessions for further evaluation, but breeding value cannot be 

inferred solely from morphological or component measure-

ments. Candidate accessions must also be assessed for genetic 

distinctness, disease response, total yield per vine, dry recov-

ery, piperine, essential oil, oleoresin, marketable grade, prop-

agation performance and stability across environments. Mor-

phological descriptors may support mother-vine identification 

and nursery labels, but reliable planting-material systems 

should combine unique accession labeling, molecular identity 

testing, and nursery traceability [9]. 

4.6. Study Limitations and Future Research 

The study evaluated established farmer fields rather than a 

controlled common garden, so observed differences reflected 

both genotype-associated characteristics and prevailing farm 

conditions. Genotype and study area were partly confounded 

because several genotypes were geographically restricted. 

Only nine independent composite soil samples were available, 

limiting soil-phenotype inference. Measurements were made 

during one assessment period, and temporal stability remains 

unknown. Future research should prioritize accession-level 

molecular characterization, balanced multi-environment 

clonal trials, repeated measurement of total fresh and dry yield, 

disease and pest phenotyping, biochemical quality analysis, 

nursery-performance assessment and, larger soil and manage-

ment studies. 

5. Conclusion 

This study documented substantial quantitative and qualita-

tive phenotypic differentiation among farmer-recognized 

black pepper genotypes sampled from Morogoro, Tanga and 

Unguja. The strongest genotype-associated differentiation oc-

curred in spike length, berry dimensions, leaf-size index, num-

ber of spikes per kilogram and qualitative descriptors includ-

ing spike shape, spike setting, leaf shape, branching habit and 

leaf venation. The sampled materials expressed contrasting 

and multidimensional profiles. BABUKUBWA combined 

long spikes and large leaves with comparatively light dry 

spikes; BABUNDOGO expressed short compact spikes and 

favourable spike-mass attributes; ISMAILIA produced the 

greatest number of berries per spike; KATI combined high dry 

spike weight with relatively high berry number and berry mass; 

NDEFU combined long spikes, vigour and high 1,000-berry 

weight; and FUPI was characterized by short compact spikes 

and predominantly hanging branching. 

These contrasts demonstrate that reproductive performance 

cannot be inferred from spike length or vegetative vigour 

alone. Selection should use integrated profiles combining 

spike number, berry number, berry size, spike compactness, 

spike mass and dry recovery. Farm-level clustering indicated 

that performance was influenced by production environment 

as well as genotype. The multivariate analyses supported co-

herent phenotypic groupings but did not establish genetic re-

latedness. The main contribution of the study is therefore a 

phenotype-based framework for documenting, comparing and 

prioritizing candidate black pepper germplasm. The materials 

should presently be regarded as candidate germplasm re-

sources rather than formally validated cultivars. 

6. Recommendations 

Representative vines should be collected and documented 

using coordinates, farmer-recognized names, source history, 

and descriptor profiles. 

Accessions should undergo molecular characterization to 

test for distinctness, synonyms, homonyms, mixtures and 

within-name variation. 

Verified accessions should be established in replicated 

common-garden and multi-environment clonal trials to esti-

mate accession, environment and accession × environment ef-

fects. 

Quality assessment should include piperine, essential oil, 

oleoresin, bulk density, moisture, drying efficiency, cleanli-

ness and marketable grade. 

Soil and management studies should be repeated across 

more independent farms with replicated soil sampling. 
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