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Abstract. Bambara groundnut, a resilient legume that thrives in harsh environments, serves as a suitable 

model for examining drought responses. The purpose of this study is to investigate the complex 

relationships between growth parameters, eco-physiological traits, carbon assimilation, and nitrogen 

fixation in Bambara groundnut landraces under drought conditions. The growth parameters measured in 

the study include biomass accumulation; root-to-shoot ratio, as well as the eco-physiological traits 

(photosynthesis, stomatal conductance, transpiration rate, intercellular CO2 concentration and water use 

efficiency intrinsic); carbon assimilation (net photosynthetic rate) and nitrogen fixation (nodule number 

and activity). Using correlation coefficient analysis, we aim to explore the effects of drought stress on these 

variables and their interdependencies. Pearson correlation coefficients were determined and showed the 

relationship between the paired parameters. The study reveals that correlations between these parameters 

under drought conditions, is an effective means of gaining a comprehensive understanding of the Bambara 

groundnut response to drought. 

Keywords: Bambara groundnut, correlation analysis, drought stress, growth parameters, eco-

physiological traits, plant growth-promoting rhizobacteria 

Introduction 

Leguminous plants are highly valued for their nutritional and economic importance 

globally, and they offer valuable insights into how plants adapt to changing climates 

(Udeh et al., 2020). Although they are often referred to as “poor man’s meat,” legumes 

play a vital role in the diets and well-being of many people, particularly in sub-Saharan 

African rural communities. This is due to their high protein and carbohydrate content, as 

well as the various phenolic compounds that are released when they are consumed, either 

cooked or uncooked (Udeh et al., 2020; Aderinola et al., 2024). However, the growth of 

these plants and the production of crops are often limited by various abiotic stresses, such 
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as high temperatures, salinity, flooding, and drought, as reported by Singh et al. (2024). 

Drought, in particular, causes a significant disruption of normal growth and development 

in crops due to the unavailability of water, as stated by Katerova et al. (2024). It also 

results in dehydration stress, which significantly contributes to the decline in crop growth 

and yield. However, crops develop a variety of mechanisms, including dehydration 

escape, dehydration avoidance, and dehydration tolerance, which are genetically induced 

responses to mitigate the effects of dehydration resulting from drought. Dehydration 

avoidance entails the closure of stomata, the modification of roots to extract water from 

the soil, and a reduction in leaf surface area to decrease water loss (Zahedi et al., 2025). 

Bambara groundnut which is a highly nutritious legume and has nutraceutical 

properties (Udeh et al., 2022), exhibits the capacity to employ dehydration-escape 

mechanisms in response to drought stress conditions. Additionally, it reduces the duration 

of its vegetative growth phase and initiates flowering at an earlier stage. Moreover, it 

allocates a greater proportion of resources to the development of its roots, enabling more 

effective utilization of the available soil volume (Berchie et al., 2012). This adaptive 

strategy is essential for survival in water-stressed conditions and can result in increased 

photosynthesis and carbon assimilation (Yang et al., 2021). Studies have revealed that 

drought impacts some of BGN’s physiological and growth traits, despite the plant’s well-

known resistance to drought. Stomatal conductance, internal carbon dioxide (CO2) 

concentration, transpiration rate, symbiotic N2 fixation, plant biomass, metabolite 

synthesis, and carbon assimilation characteristics, among other parameters (Haider et al., 

2024). The ability of BGN to thrive in drought conditions may be linked to the functions 

of certain N-fixing bacteria and plant growth-promoting rhizobacteria (PGPR). 

Plant growth-promoting rhizobacteria contribute to plant development by means of 

nitrogen fixation and the mobilization of essential nutrients, while also mitigating the 

harmful consequences of environmental stresses such as drought (Khan et al., 2020; 

Vocciante et al., 2022; Vishnupradeep et al., 2022). Bradyrhizobium japonicum and 

Bacillus subtilis have been documented as plant growth-promoting rhizobacteria (PGPR) 

that contribute significantly to plant development by improving nitrogen fixation and 

releasing antimicrobial substances that inhibit the spread of harmful bacteria in plants 

(Kinsella et al., 2009). However, there is still a paucity of studies on their roles in the 

amelioration of drought effect on BGN’s growth and the relationship between growth, 

physiological parameters, and symbiotic N2 fixation as well as carbon assimilation 

properties that could play a crucial in the crop’s adaptation. Carbon assimilation (shoot C 

content, %C and C/N, δ13C), growth parameters (plant height, number of leaves, and root 

length), eco-physiological parameters (photosynthesis, stomata conductance, 

transpiration rate, and intercellular CO2 concentration), and nitrogen fixation indices delta 

15N (δ15N), N concentration (%N), percentage of N derived from atmospheric N fixation 

(%Ndfa), shoot N content, amount of nitrogen fixed (N-fixed), soil N uptake, and 

correlation analysis (CA) were all examined in this study. 

A common method for examining the connections and relationships between different 

phenomena is correlation analysis. A common technique for determining the degree of a 

linear relationship between two variables is Pearson correlation analysis. The relationship 

is shown as a table or graph using a correlation coefficient. The relationship between the 

various physiological processes of Bambara groundnuts under drought conditions is not 

well understood. In order to explain the different dynamics of the crop when exposed to 

drought conditions, Hence, the study is set out to ascertain the relationship between the 

growth, eco-physiological, carbon assimilation, and nitrogen fixation of Bambara 
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groundnut using correlation analysis. Because it is comparatively underutilized in 

comparison to major cash crops and is recognized for its climate-smart characteristics, 

nitrogen-fixing capacity, and capacity to thrive in challenging environmental conditions, 

the Bambara groundnut was selected as the subject of this study. 

Materials and methods 

Experimental site 

The experiment for this research was carried out in a fully automated greenhouse 

located at the Florida Science Campus of the University of South Africa in Gauteng 

Province, South Africa. The growth conditions in the greenhouse were between 24-34°C 

Day and 18-24°C night, also the relative humidity ranges from 86-96%. 

 

Experimental design and treatments 

With four replicates and a fully randomized design, the experiment employed a 4 × 

3 × 2 binomial arrangement. Bacillus subtilis BD234 strain (BA) on its own, 

Bradyrhizobium japonicum (BR) on its own, co-inoculation of B. subtilis BD234 and 

B. japonicum strain, ammonium nitrate (NH4NO3) as a positive control, and no 

inoculation (negative control) were the inoculation treatments. As explained by Silva et 

al. (2019), the three simulated drought stress levels were 100% of field capacity (PC) 

(well-watered/control), 50% of field capacity (PC) (moderate stress), and 25% of field 

capacity (PC) (severe stress). B16 Bambara groundnut landrace was used in this study. 

The field capacity of each pot was estimated by the gravimetric method (Green et al., 

2004). At first, a certain amount of soil was poured into each pot based on weighting. 

Then 4 pots were randomly selected and saturated. Pot weights were recalculated after 

48 h of drainage and the soil was dried for 24 h at 105°C. According to Equation 1, the 

soil moisture content at 100% of PC was calculated as the difference between the soil 

weight after drainage (PCW) and soil weight after drying (DW) (Abbaspour and 

Babaee, 2017). 

 

 Pot capacity (PC) =  
soil weight in pot capacity (PCW) − weight of dry soil (DW) 

weight of dry soil (DW)
× 100 (Eq.1) 

 

For each experiment, 12 pots per treatment and a total of 60 pots per Bambara 

groundnut landraces were used. The size of the pots used for the experiment were 25 cm 

height (21 cm diameter top and 15.5 cm base) were filled with 7 kg (70% of topsoil and 

30% vermiculite) which was sterilized and used as the growth media for the crop. For the 

experiment, a total of 120 seeds were chosen, sterilized for 30 min with 3.5% sodium 

hypochlorite, rinsed four times with sterile distilled water, and then imbibition with Mili-

Q water for the night. Prior to planting, 70% ethanol was sprayed on the pots to sterilize 

them. 

 

Inoculant preparation, irrigation, and drought treatments 

Following the determination of three pot capacities, seeds were sown in 25 cm pots 

filled with growth media. Two milliliters of each of the two microbial inoculants (B. 

japonicum and B. subtilis) were applied to Bambara groundnut seeds prior to planting. 

The plants were irrigated twice a week with deionized water and a standard nutrient 



Udeh et al.: Relationship between selected parameters in indigeous Bammbara groundnut exposed to water scarcity  

- 10594 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):10591-10606. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2306_1059110606 

© 2025, ALÖKI Kft., Budapest, Hungary 

solution of 10 mL per pot containing N-free nutrient (Broughton and Dilworth, 1970). 

The positive control was nitrogenated with 0.5 mM ammonium nitrate (NO3 

treatment). 

At the onset of flowering, drought was imposed through withholding water supply for 

14 days. Gas exchange and other physiological parameters were collected on drought 

stressed plants (day 14 of no moisture supply) which was sufficient for the 3 days full 

recovery of Bambara groundnut plants subjected to severe drought stress. Outside the 

drought period, soil water content was maintained at pot capacity (800 mL) with daily 

irrigation through to the flowering growth stage and monitored every 2 days interval at 

9:00 a.m. and 3:00 p.m. using tensiometer installed at 10 cm depth. 

 

Data collection 

Growth response parameter measurements were carried out as described by Silva et 

al. (2019). Data was collected at physiological maturity. At the physiological maturity 

stage, the number of leaves and plant height, along with the fresh and dry biomass of the 

plant’s roots and shoots, were measured (after being uprooted, the plants were thoroughly 

rinsed under running tap water. Subsequently, the roots were detached from the stems, 

and the fresh weight of the roots was recorded before allowing them to dry at room 

temperature). During flowering stage, a portable infrared gas analyzer (LI 6400 XT, 

version 6.2) was used to collect eco-physiological parameters such as photosynthetic rates 

(A), stomatal conductance (gs), intercellular CO2 concentration (Ci), transpiration rate 

(E), and intrinsic water use efficiency (WuEi). A temperature of 25°C, a photosynthetic 

photon flux density of 1000 μmol m−2.s−1, a CO2 concentration of 400 μmol.mol−1, a gas 

flow of 500 μmol.s−1, and other conditions that were present in the chamber were also 

included. Between eight and ten in the morning, measurements were made. Each pot’s 

replicate was used for the measurement. The ratio of A to gs was calculated as an 

instantaneous indicator of water-use efficiency. Nodule number per plant and nodule dry 

weight were recorded after drought stress. Nutrient uptake, amount of nitrogen fixed, 

carbon assimilation data were also determined. 

 

Determination of mineral elements in Bambara groundnut shoot 

Approximately 1 g of ground sample was ashed in a porcelain crucible at 500°C for 

the entire night in order to identify the mineral elements (P, K, Ca, Mg, Na, Cu, Mn, Fe, 

Al, and B) in Bambara groundnut shoots. The ash was then dissolved in 5 mL of 

analytical-grade 6 M HCl and baked for 30 min at 50°C. After that, 35 mL of de-ionized 

water was added. Whatman No. 1 filter paper was used to filter the mixture. Inductively 

coupled plasma mass spectrometry (ICP-MS) was used to measure the concentration of 

mineral elements in plant extracts from four replicate samples (Ataro et al., 2008). 

Standard solutions with certificates of analysis were used to verify the quality of the data 

that was gathered. After every ten samples, a known standard was used to monitor each 

element instead of analyte isotopes. A wet digestion method using 65% high-purity grade 

nitric acid was used to measure sulfur. In a 250 mL glass beaker, 1 g of ground plant 

material was digested for the entire night with 20 mL of 65% nitric acid. After that, the 

extract-filled beaker was set on a sand bath and slowly boiled until about 1 mL of extract 

remained. Ten milliliters of high-purity grade 4 M nitric acid were then added, and the 

mixture was boiled for 10 min. After cooling and removing the beaker from the sand bath, 

the extract was thoroughly cleaned in a 100 mL volumetric flask before being filtered 
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through Whatman No. 2 filter paper. Using a calibrated ICP-MS, direct aspiration was 

used to determine the S content of the sample (FSSA, 1974; Teixeira et al., 2017). 

 

Correlation between measured experimental parameters 

Correlation analysis was used to examine the relationship between growth, eco-

physiological, carbon assimilation, and nitrogen fixation parameters. Table 1 displays the 

correlation between the following parameters: carbon assimilation, nitrogen fixation 

(%N, δ15N, Ndfa, Shoot/N, N-fixed, Soil N uptake, δ13C, %C, C/N, Shoot C content), 

plant growth parameters (plant height, number of leaves, and root length), and eco-

physiological indices (photosynthesis, stomata conductance, transpiration, and Ci). Plant 

growth indices (plant height, number of leaves, and root length) were examined by the 

authors. The correlation analysis examined carbon assimilation (%N, shoot/N, %C, and 

C/N), eco-physiological parameters (photosynthesis, stomata conductance, Transpiration 

rate and intercellular CO2 concentration), and nitrogen fixation indices (δ15N, δ13C, Ndfa, 

N-fixed, soil N uptake, and shoot C content). 

 

Correlation pattern 

The authors investigated the relationship between the nitrogen fixation, carbon 

assimilation, eco-physiological factors, and plant growth indices by creating a 

relationship pattern and determining the degrees of significance of the correlation 

coefficient using STATISTICA version 12 (StatSoft Inc., Tulsa, OK, USA). All pairwise 

correlation values are shown in Table 1. Any number between +1 and - 1 can be the 

correlation coefficient (r) value. Whether the variable is positively or negatively 

associated is shown by the sign of the correlation coefficient, which can be either positive 

or negative (Ogugua et al., 2023). The significance of the link is indicated by the 

coefficient’s true value. A one-way statistical analysis was used in this study to assess the 

nutritional availability of all parameters that were studied. The EzCorrGraph application 

(https://ezcorrgraph.firebaseapp.com) was utilized for the purpose of creating a 

correlation diagram and graphical visualization of strong positive and negative 

correlations (de Campos and Licht, 2021). This app was developed using HTML5 and 

JavaScript, allowing it to generate the correlation diagram from either a correlation matrix 

or a list of pairs with a user-friendly and straightforward approach (Ogugua et al., 2023). 

Results and discussion 

The synopsis of the analysis (Table 1) showed the association between the eco-

physiological parameters (photosynthesis, stomatal conductance, transpiration, and 

internal CO2), plant growth parameters (plant height, fresh shoot and root, shoot and root 

dry matter, and number of leaves and root length), nitrogen fixation indices (δ15N, δ13C, 

Ndfa, N-fixed, soil N uptake, and shoot C content), and carbon assimilation (%N, 

shoot/N, %C, and C/N) of the uniqwe Bambara groundnut landrace exposed to drought. 

From the result of the study, a significant differences between eco-physiological 

parameters (photosynthesis, stomatal conductance, Trmmol, and Ci), plant growth 

parameters (plant height, fresh shoot and root weight, shoot and root dry matter, and 

number of leaves and root length), nitrogen fixation indices (δ15N, δ13C, Ndfa, N-fixed, 

soil N uptake, and shoot C content), and carbon assimilation (%N, shoot/N, %C, and C/N) 

were palpable (Table 1).
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Table 1. Correlation analysis growth indices, eco-physiological parameters, carbon assimilation and nitrogen fixation indices 

 Photo Cond Trmmol Ci WuEi 
Fresh 

shoot 
Shoot DM Fresh RW Root DM P/Height N/Leaves R/Length %N δ15N (‰) 

Ndfa 

(%) 

Shoot/N 

(mg) 
N-Fixed 

Soil N 

uptake 
δ13C (‰) %C C/N 

Shoot (mg) 

C content 

Photo 1.00*** 0.50* -0.94** -0.58* 0.48*** -0.99*** -0.38*** -0.85*** 0.03*** 0.99*** -0.45*** -0.88*** -0.84*** 0.91*** 0.33*** -0.42*** -0.73*** -0.37*** -0.15*** 0.24*** -0.12*** -0.31** 

Cond  1.00*** -0.76*** 0.42** -0.52*** -0.64*** -0.99*** 0.03*** 0.88*** 0.63*** -0.99*** -0.85*** -0.89*** 0.10*** 0.98*** -0.99*** -0.96*** -0.99*** 0.79*** 0.96*** 0.80*** -0.98*** 

Trmmol   1.00*** 0.28*** -0.16** 0.99*** 0.67*** 0.63*** -0.36*** -0.98*** 0.73*** 0.99*** 0.97*** -0.73*** -0.63*** 0.70*** 0.91*** 0.66*** -0.19*** -0.55*** -0.22*** 0.61*** 

Ci    1.00*** -0.99*** 0.43*** -0.53*** 0.92*** 0.80*** -0.44*** -0.46*** 0.13*** 0.05*** -0.86*** 0.58*** -0.49** -0.14** -0.54*** 0.89*** 0.65*** 0.88*** -0.59*** 

WuEi     1.00*** -0.32*** 0.63*** -0.87*** -0.86*** 0.33*** 0.56*** -0.01*** 0.07*** 0.79*** -0.67*** 0.59*** 0.25*** 0.63*** -0.94*** -0.74* -0.93** 0.68* 

Fresh shoot      1.00*** 0.53*** 0.75*** -0.20** -0.99*** 0.60** 0.95*** 0.92*** -0.83** -0.49** 0.57** 0.83** 0.53** -0.02** -0.40** -0.05** 0.47** 

Shoot DM       1.00*** -0.16*** -0.94*** -0.52*** 0.99*** 0.77*** 0.82*** 0.03*** -0.99*** 0.99*** 0.91*** 0.99*** -0.86*** -0.99*** -0.87*** 0.99*** 

Fresh RW        1.00*** 0.50*** -0.76*** -0.08*** 0.50*** 0.43*** -0.99*** 0.22*** -0.12*** 0.26*** -0.17*** 0.65*** 0.30*** 0.62*** -0.23*** 

Root DM         1.00*** 0.19*** -0.90** -0.50** -0.57** -0.38** 0.95** -0.92*** -0.71** -0.94*** 0.98** 0.98*** 0.99*** -0.96*** 

P/Height          1.00*** -0.59* -0.94*** -0.92*** 0.84** 0.48*** -0.56*** -0.83** -0.52** 0.01*** 0.39** 0.04* -0.46* 

N/Leaves           1.00** 0.82** 0.86** -0.05*** -0.99*** 0.99*** 0.94*** 0.99*** -0.81** -0.97*** -0.83** 0.99*** 

R/Length            1.00*** 0.99*** -0.61*** -0.74*** 0.80*** 0.97*** 0.77*** -0.34* -0.67* -0.37*** 0.73 

%N             1.00*** -0.55* -0.79*** 0.85*** 0.98*** 0.82** -0.41*** -0.73** -0.44** 0.78*** 

δ15N (%)              1.00*** -0.08** -0.02* -0.39* 0.03** -0.53*** -0.17*** -0.51*** 0.10*** 

Ndfa (%)               1.00*** -0.99*** -0.89*** -0.99*** 0.89*** 0.99** 0.90*** -0.99** 

Shoot/N (mg)                1.00*** 0.93*** 0.99*** -0.84*** -0.98*** -0.85*** 0.99* 

N-Fixed                 1.00*** 0.91*** -0.57*** -0.84*** -0.60* 0.88* 

Soil N uptake                  1.00*** -0.86*** -0.99*** -0.88*** 0.99*** 

δ13C (%)                   1.00*** 0.92*** 0.99*** -0.89*** 

%C                    1.00*** 0.94*** -0.99*** 

C/N                     1.00*** -0.91** 

Shoot (mg) C 

content 
                     1.00*** 

Asterisks indicate significance. *P < 0.05, **P < 0.01, ***P < 0.001 

%N (N concentration), δ15N (%) (delta 15N), Ndfa (%) (percentage N derived from fixation), shoot/N (shoot N content), N-fixed (Nitrogen fixed), soil N uptake (soil nitrogen uptake), δ13C (delta 13C), Ci (internal CO2), WuEi (water use efficiency), Root DM (dry matter), 

N/leaves (number of leaves), R/length (root length), %C (C concentration); +.70 or higher (very strong positive); + 0.40 to + 0.69 (strong positive); + 0.30 to + 0.39 (moderate positive). + 0.01 to + 0.19 (no correlation); 0 (zero correlation); −0.10 to −0.19 (no relationship); −0.20 

to −0.29 (weak negative); −0.30 to −0.39 (moderate negative); −0.40 to −0.69 (strong negative); −0.70 or higher (very strong negative); + 0.20 to + 0.29 (weak positive); + 0.01 to + 0.19 (no correlation); 0 (zero correlation). Note: Fresh root weight (Fresh RW); Root dry matter 

(Root DM) 
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Photosynthesis showed a strong correlation with Trmmol (-0.94) vs fresh weight (-

0.99), root length (-0.88), fresh root (-0.86), plant height (+0.99), δ15N (0.91), %N (-

0.84), and N-fixed (-0.73) (Fig. 1). The strong relationship recorded in this study on 

photosynthesis vs biomass (fresh weight, root length, fresh root, and plant height) and 

transpiration confirms the earlier submissions, which stated that an important strategy to 

increase crop yield is by improving the photosynthesis efficiency of crops such as 

Bambara groundnut. From the result of our study, the more the photosynthesis of 

Bambara groundnut leaves reflects a hypothetical increase in the yield and biomass 

production of the plant, the findings of this study represent the core of a possible second 

green revolution for solving the food disaster (Kendabie et al., 2020; Gao et al., 2023; 

Jaiswal and Dakora, 2025). 

 

 

Figure 1. Relationship between the photosynthesis vs plant height, fresh shoot and root weight, 

root length, δ15N, %N, Trmmol and N-fixed. The correlation coefficient is the value that exists 

between two strong parameters that are significance at P < 0.05, P < 0.01, P < 0.001. (Note: 

A = Severe; B = Moderate; C; Well-water) 

 

 

It has been apparent from several studies that photosynthesis is important for plant 

growth. Studies from different fields of plant science have investigated and many more 

are still investigating the biophysical and biochemical constraints on photosynthesis, with 

the aim of discovering ways to increase the efficiency of both light and dark reactions 

(Ahmed et al., 2020; Li et al., 2023; Cabon et al., 2024; Tang et al., 2024). They also 

strive to reduce respiration or make it more efficient to maximize photosynthate 

availability (Burgess, 2023). Studies in this area have also aimed to optimize the uptake 

and utilization of nutrients and water transport (Lynch, 2011) and to understand the 

molecular mechanisms governing cell division (Holz et al., 2024; Yang et al., 2024). 

The goal of these investigations is to modify or influence these processes and gain a 

deeper understanding of the systems biology of the unique Bambara groundnut landrace 

at the supracellular level, with the aim of boosting the growth and productivity of this 

neglected crop. Plant biomass and yield can act as indicators of a plant’s ability to 

effectively integrate various processes and organs (Zahedi et al., 2025). The main 

objective of these studies is to gain a deeper understanding of the intricate web of 

physiological and morphological characteristics and how drought (environmental 

variations) affects them, which will ultimately improve our knowledge of plant growth 

and development (Hagn et al., 2024; Sun et al., 2024; Zahedi et al., 2025). 
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Evidence suggests that the rate of photosynthesis (A) and stomatal conductance (g) in 

leaves are related in various environments. This relationship led to the suggestion of a 

messenger from the mesophyll that controls stomatal performance. As A is influenced by 

the intercellular concentration of CO2 (ci), which in turn is impacted by g, the correlation 

between A and g may be partially influenced by ci if g has some measure of independence. 

Strong positive correlation (P < 0.05, P < 0.01, P < 0.001) was evident on the stomatal 

conductance vs number of leaves per plant (-0.99), shoot (-0.78) and root dry matter 

(+0.88), root length (-0.86), Ndfa and N-fixed (-0.98), C/N (+0.80), soil N uptake (-0.99), 

shoot C content (-0.98), δ13C (+0.78), %C (+0.98), shoot N content (-0.99), %N (-0.89), 

and Trmmol (-0.78) (Fig. 2). From the result of this study, the stomatal conductance plays 

a significant role in improving the plant biomass (number of leaves, shoot and root dry 

matter and root length). The study findings agree with Engineer et al. (2016) earlier 

reports of Liu et al. (2022); Li et al. (2023) and Cordak et al. (2025) that the CO2 

concentrations also affect leaf development and leaf area in some plants. The response is 

said to have a direct bearing on water conservation, which enhances plant biomass 

(Engineer et al., 2016; Cordak et al., 2025). Also, stomatal conductance has a direct 

influence on transpiration rate and photosynthesis, while N2 fixation is indirectly affected. 

This process therefore plays a significant role in water and nutrient transport, thereby 

affecting plant growth and productivity (Torralbo et al., 2019; Liu et al., 2022; Li et al., 

2023; Cordak et al., 2025). 

 

 

Figure 2. A nodal network showing the relationship between stomatal conductance vs shoot and 

root dry matter, number of leaves, root length, Ndfa, N-fixed, C/N, soil N uptake, shoot C 

content, δ13C, %C, shoot N content, %N, Trmmol. The correlation coefficient is the value that 

exists between two strong parameters that are significance at P < 0.05, P < 0.01, P < 0.001 
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In line with the findings of our study, some studies has strongly suggested that 

transpiration aids uptake and translocation of different nutrients and water (Plett et al., 2020; 

Chen et al., 2023) this was evident in our study as transpiration (Trmmol) vs plant height (-

0.98), fresh shoot (+0.99), root length (+0.99), %N (+0.97), shoot N content (+0.70), 

number of leaves per plant (+0.73), N-fixed (+0.91) and δ15N (-0.73) (Fig. 3) showed a 

robust relationship on Bambara landrace under drought conditions its importance to plant 

nutrition and physiological function. The connection between Trmmol and root length in 

relation to %N was previously documented by Novák and Vidovič (2003) and Zhang et al. 

(2022). According to their findings, plants can compensate for low nitrogen supply caused 

by reduced transpiration during drought stress by modifying their root morphology and 

physiological behaviors. Transpiration affects the rate of nutrient availability for direct 

assimilation by the root. The strong correlation recorded in this study with transpiration vs 

%N has earlier been reported by Novák and Vidovič (2003). 

 

 

Figure 3. Trmmol vs plant height, fresh weight, root length, %N, shoot/N, number of leaves, N-

fixed, δ15N. The correlation coefficient is the value that exists between two strong parameters 

that are significance at P < 0.05, P < 0.01, P < 0.001 

 

 

Intercellular CO2 is known to be one of the key parameters in photosynthesis and its 

increase in the atmosphere is reported to control the plant response especially during 

drought (Wei et al., 2022). Its relationship with fresh root weight, root dry matter, WuEi, 

δ13C, C/N and δ15N is evident in this study. The intercellular CO2 showed strong 

correlation with the fresh root weight (+0.92), root dry matter (+0.80), WuEi (-0.99), δ13C 

(+0.89), C/N (+0.88) and δ15N (-0.88) (Fig. 4). Ci is said to enhance the root system of 

plant which permits more uptake of nutrients and water from the soil to improve yield. It 

is widely acknowledged that the process of carbon isotope influence occurs during the 

fixation of CO2 during stomatal conductance and photosynthesis of C3 plants such as 

Bambara groundnut (Basu et al., 2021). 
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Figure 4. Ci vs fresh root weight, root dry matter, WuEi, δ13C, C/N, δ15N. The correlation 

coefficient is the value that exists between two strong parameters that are significance at 

P < 0.05, P < 0.01, P < 0.001 

 

 

Water use efficiency (WUEi) depicts the correlation between plant productivity and 

water utilization, which is influenced by environmental factors and the crop itself and is 

governed by both. As evident in our study, the WUEi portrayed strong association with 

the fresh root weight (-0.87), root dry matter (-0.88) (Fig. 5). Since the roots act as the 

main uptake point for water and nutrient circulation to the plant, they are central for 

enhancing yield and WUEi of crops (Chen et al., 2020; Fang et al., 2021). Therefore, the 

root is considered important part for maintaining crop productivity while limiting water 

consumption (Yan et al., 2022). In line with our study, Prince et al. (2022) and Wang et 

al. (2024) reported root parameters to have regulated WUEi in alfalfa and sorghum during 

drought stress. Formal investigations into stable isotope studies have yielded valuable 

insights into the critical processes of plant metabolism, providing a clear comprehension 

of water transportation through the soil-plant-atmosphere continuum. According to 

Werner et al. (2012) and Schmidt and Gleixner (2020), these studies have been 

instrumental in elucidating the essential mechanisms governing the exchange of water 

vapor between the soil and the atmosphere. This was evident in our study as WUEi 

showed strong association on the δ13C (-0.94), C/N (-0.93), δ15N (+0.79), %C (-0.74) as 

presented in (Table 1; Fig. 5). 

The Bambara groundnut landrace’s fresh shoots showed a high degree of correlation 

with plant height, shoot dry matter, and root length. These correlations were strong, with 

coefficients of + 0.99, + 0.95, and moderate + 0.53 respectively. These findings support 

Song’s earlier submission in 2017, which suggested that a well-developed root system is 

crucial for promoting the appropriate growth and development of the shoot, this is in 

affirmation with the result of our study. Also, fresh shoot of the Bambara groundnut 

showed strong correlation with %N (+0.92), δ15N (+0.83) and N-fixed (+0.83) (Fig. 6). 

In line with our study, Qiao et al. (2021) observed a positive correlation between the shoot 

biomass and total N-fixed of Medicago truncatula. The strong correlation between 

increases in shoot biomass and N-fixed of soybean agrees with earlier studies (Li et al., 

2017); similar trend on the %N (+0.92), δ15N was reported in the studies (Yan et al., 

2020). 



Udeh et al.: Relationship between selected parameters in indigeous Bammbara groundnut exposed to water scarcity  

- 10601 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(6):10591-10606. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2306_1059110606 

© 2025, ALÖKI Kft., Budapest, Hungary 

 

Figure 5. WuEi vs fresh root weight, root dry matter, δ13C, C/N, δ15N, %C. The correlation 

coefficient is the value that exists between two strong parameters that are significance at 

P < 0.05, P < 0.01, P < 0.001 

 

 

 

Figure 6. Fresh shoot vs plant height (plant height), shoot dry matter (fresh DM), root length 

(root length), %N, δ15N, N-fixed. The correlation coefficient is the value that exists between two 

strong parameters that are significance at P < 0.05, P < 0.01, P < 0.001 

 

 

Findings of the study demonstrated a significant association between the Bambara 

groundnut shoot dry matter and factors such as the number of leaves per plant (+0.99), 

root dry matter (-0.94), and root length (+0.77), which aligns with Song’s findings from 

2017. A well-developed root system is crucial for promoting healthy shoot growth and 

development. Our results also revealed a strong correlation between shoot dry matter and 

other factors, including shoot N content (+0.99), N-fixed (+0.91), soil N uptake (+0.99), 

C/N (-0.87), %C (-0.99), shoot C content (-0.99), δ13C (-0.86), Ndfa (-0.99), and %N 
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(+0.82) (Fig. 7). Anglade et al. (2015) reported a close relationship between shoot dry 

matter and the amount of N2 fixed in the shoot in legumes, which has been investigated 

by previous studies (Schipanski and Drinkwater, 2012; Unkovich, 2012). Anglade et al. 

(2015) and Rani et al. (2023) emphasized that determining strong relationships between 

shoot N yields (or shoot DM) and the amount of fixed N provides a useful empirical rule 

for farmers, managers, and researchers to estimate net N inputs. 

 

 

Figure 7. Shoot DM vs number of leaves, root dry matter, root length, shoot/N, N-fixed, soil N 

uptake, C/N, %C, shoot C content, δ13C, Ndfa, %N. The correlation coefficient is the value that 

exists between two strong parameters that are significance at P < 0.05, P < 0.01, P < 0.001 

Conclusion 

The study examined the relationship between the Bambara groundnut’s growth, eco-

physiological, carbon assimilation, and nitrogen fixation parameters under drought 

conditions using correlation analysis. According to the correlation analysis, the 

relationship between growth, physiological, and biochemical strategies is essential for 

improving the drought resilience of Bambara groundnut. Sustaining growth during 

drought requires maintaining effective nitrogen fixation and carbon assimilation. By 

identifying important traits for enhancing drought tolerance and directing future 

agricultural practices, an understanding of these relationships helps to promote food 

security. The findings show the intricate interrelationships between different 

physiological functions in drought-stressed Bambara groundnut. This study also 

emphasizes how important it is to comprehend how these factors relate to one another in 

order to improve the drought resistance of Bambara groundnut. However, further studies 

are recommended to reveal the metabolite profile changes that occur in Bambara 

groundnut under drought conditions. 
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