


EVALUATION OF WEAVER BIRDS (PLOCEUS CUCULLANTUS) AS BIO-INDICATOR OF CONTAMINANTS IN BENUE STATE, NORTH EAST AND NORTH WEST        AGRICULTURAL BELTS, NIGERIA

Abstract 
Contamination of heavy metal (Hg, Pb, As, Cr, Cd and Cu) in agricultural landscapes is a major threat locally, regionally and globally because it affects the structural and the functional properties of the farm environment. In this study, heavy metals were assessed in diverse organs, liver, kidney, feather, skin and bone of weaver birds (Ploceus cucullatus) trapped from six sites in Benue State Northeast and Northwest agricultural belts using mist net. The organs were digested and subjected to Flame Atomic Absorption Spectrophotometer (AAS) to determine the level of heavy metals bioaccumulation. The heavy metal concentrations differ with locations and among the organ and out of five organs (liver, kidney, bone, skin, and feathers), bone, skin and feather contained the highest concentration of heavy metals. In Gboko, bone stored Hg(5.240±0.012ppm), As, (2.458±0.005ppm), skin stored Hg(1.273±0.010ppm), As(0.445±0.005ppm), feather stored Hg(3.683±0.0019ppm), As(1.828±0.005ppm). In Makurdi, bone stored Hg(3.333±0.006ppm), As,(1.545±0.009ppm), skin stored Hg(1.158±0.006ppm), As(0.318±0.005ppm), feather stored Hg(2.713±0.006ppm), As,(1.515±0.009ppm)  In Gwer, bone stored Hg(2.313±0.008), As(1.330±0.007ppm), skin stored Hg(1.768±0.010ppm), As(0.240±0.004ppm), father stored Hg(2.313±0.008ppm), As(1.318±0.005ppm). Some of the contamination pathways can be demonstrated based on correlation analyses due to antagonistic relationships (Pb, Cu) while as co-accumulation clusters (Cu, Hg, As). Random Forest classification of the organ-metal profiles provided 100% accuracy in site identification, indicating that each location had its own distinctive pollution fingerprints. The research shows that P. cucullatus species is a good bio-indicator of heavy-metal pollution and offers spatially relevant baseline information in assessing the impacts on environmental planning, pollution reduction, wildlife conservancy, and conservation research in the agricultural belts of Benue State.
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INTRODUCTION
Farmers in Benue State have increasingly turned to the application of pesticides (herbicides, insecticides, fungicides, and rodenticides) and inorganic fertilizers to boost food production for the growing population (Oklo, et al., 2013, Egwumah et al,.2017), which has also elevated the levels of contaminants in agricultural landscapes, posing a serious hazard to bird’s breeding performance and local survival (Mineau and Palmer, 2013). Heavy metals and other hazardous compounds have emerged as an increasing issue on the environment in most of the developing countries, particularly where informal waste management systems, artisans, and agricultural activities meet (Angon et al., 2024). Food production in agricultural belts of Benue Northeast and Northwest in Nigeria is of great importance, however, agrochemicals, deteriorating soil, polluted by industrial effluents, vehicles, and agrochemicals are increasingly becoming a threat to this region (Modu et al., 2025). These pollutants are a threat to the wildlife species which have direct contact with such environments besides posing a threat to both the environment and the health of humans. In order to track the distribution and ecological effects of such pollutants, they need to have reliable bio-indicator species that can be used to estimate the level of contamination with time and space. Birds are known to be useful bio-indicators due to their sensitivity to the environment, large area of coverage, and the capacity to accumulate pollutants in their diversity (Carrasco et al., 2024).
 Among them, village weaver birds (Ploceus cucullatus) are of particular importance due to their omnivorous behaviour and high population in farmlands, and close contact with potentially dangerous insect species, soil, water and seeds. Due to its colonial nesting habits, ease of sampling and strong site fidelity, the village weaver P. cucullatus, which is widespread in savannah ecosystem and agro-ecological areas, has a double advantage as a source of pollution monitoring. Birds are also important sentinels since, according to previous studies, they can accumulate metals such as lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As) in their feathers, bones, muscles, and internal organs (Ding et al., 2023).
However, there is scanty empirical evidence on the avian biomonitoring of West Africa and extremely few studies that have specifically dealt with the loads of the pollutants in the P. cucullatus in the highly cultivated areas. The Benue agricultural zone is a major cereal, fruit, tuber, and vegetable producer which is characterized by high use of pesticides, burning of crop wastes, and close location to small-scale industrial activities (Barau et al., 2023). In Nigeria, the home, industrial and agricultural environmental pollution sources are increasing in the Benue Northeast and Northwest agricultural belts threatening the environment of the food producing regions of the nation.
These factors cast doubts on the possibility of accumulation of pollution in the nearby species. Village weaver birds can be used as a bio-indicator species to identify early ecological hazards, assist in the environmental management strategy in an area, and give an insight into the geographical position of pollutants. In spite of widespread use of pesticides and vigorous agriculture (Barau et al., 2023), the pollutants are poorly monitored and the basic data on heavy metals in the local fauna is not studied. Because they are capable of bioaccumulating contaminants in specific tissues, birds, especially the common village weaver birds are convenient bio-indicators (Khwankitrittikul et al., 2024). However, they have not been adequately investigated in these fields. To bridge this gap, the paper will examine the accumulation of heavy metal in various tissues of village weaver bird, like the feathers and bones, liver, kidney and the skins, there-by evaluating the geographical variation in agriculture fields and compare the two zones.
The research recognizes that weaver birds are useful and reliable bio-indicators with baseline data, most informative tissues and machine learning can be used to distinguish patterns of contamination. These findings are significant to the environmental surveillance, conservation of wildlife, policy to govern the use of agrochemicals and to protect human health and ecosystem integrity in the highly cultivated regions. The findings are expected to enhance the understanding of the pollution pathways in agricultural ecosystems, guide the local environmental policies, as well as support the ecological risk assessment.  
MATERIALS AND METHODS
Study area.
The research was conducted in six Local Government Areas (LGAs) of the Benue State, North-Central Nigeria. The state is in the Guinea Savanna ecological zone and has wet and dry seasons which are distinct. The patchwork agricultural field, riparian forests, wetlands, fallows and forested savannas of the region provide diverse avifauna and ecological communities. The study locations are distributed across the western and eastern areas of the state, which provides a representative sample of the biological gradients of interest to wildlife and environmental assessment.
The six Local Government Areas (LGAs) were selected through random sampling, and their approximate geographic coordinates are,  Makurdi (7.7330° N and 8.5214° E), Gboko (7.3223° N and 9.0014° E), Gwer West (7.4850° N and 8.4150° E), Konshisha(6.9596No   and 8.7941 7.20° E) Kwande(7.1179oN and 9.1983oE) and Ushongo(7.2040oN and 9.1160oE)









Figure 1: Map of Benue State showing the field data collection sites
                   ZONE B AGRICULTURAL BELT 
   ZO          ZONE A   AGRICULTURAL BELT
 Most of the locals are peasant farmers and the study sites are not conservation areas. A total of 28 hectares of farmland were selected in every study location. The 28-ha sampling plot was split into four 7-ha sampling units, each of which was used for bird capture operations. Every sampling unit had a mist net, which was checked every thirty minutes to look for a capture.
Sampling technique 
Four birds were caught at various locations indicated on the map, Figure 1, between the hours of 8-10am using mist nets. The birds were killed and defeathered. The feathers were then dried in an oven after which they were stored in tightly sealed polyethene bags. Dissection of the defeathered birds is done to remove the skin, liver, kidney and bones and the samples are kept in polyethene bags in a desiccator to be analyzed with respect to arsenic, lead, cadmium, mercury, chromium, and copper using atomic absorption spectrophotometer.
 Sample cleaning and digestion 
The feather samples were cut into approximately 0.3cm in sizes using stainless-steel scissors followed by washing using ethanol, then three times using distilled water and finally using ethanol according to recommendation given by International Atomic Energy Agency (Onuwa et al., 2012). They were placed in crucibles and dried for 25 min. at 750C- 850C in an ovum. One hundred and twenty-five 125gs of treated feathers were weighed, then put in a 10cm3, inert container with a tight cork, and stored awaiting Flame Atomic Absorption Spectrophotometry (AAS) analysis for arsenic, lead, cadmium, mercury, chromium, and copper.
The skin, liver, kidney and bones were dried in an ovum with a circulation system at 600C for 48 hrs and then ground separately in a porcelain mortar (Edison et al., 2007). Then, 0.2 mg of dried sample each was put in a 20 ml test tube add 7 ml of concentrated nitric acid and cooked in a microwave oven for 20 minutes. The solution was added to a 100 ml volumetric flask then made up with distilled water. The resultant solutions were stored at 40C in a plastic bottle before analysis for arsenic, lead, cadmium, mercury, chromium, and copper using Flame Atomic Absorption Spectrophotometry. The prepared solution was sent to the Department of Biochemistry Laboratory, Federal University Wukari, Taraba State, Nigeria for analysis.  
Experimental Design and Data Analysis
Randomized Complete Block Design (RCBD) was used to analyze the data whereby the species of birds were the treatment, and sites were the blocks. The data that was collected was subjected to Python software version 3.12.11. The data processing also included cleaning and reorganizing the data, computation of the loss of moisture and placing the organ-metal measurements in a clean format that allows statistical analysis. Descriptive statistics were used to provide a summary of the heavy-metal concentrations in the organs and linear mixed-effects models were used to examine the effect of location and organ type and their interactions on metal accumulation. The relationships between the metals were determined to be co-accumulative and antagonistic through the Spearman analysis. Finally, a Random Forest classifier was used to determine whether metal-organ predictors were predictable and whether the most important metal-organ predictors in the data were significant.



RESULTS AND DISCUSSION
[bookmark: _Hlk213364342]Results
Mean concentration of the heavy metals (ppm) and standard deviation ±SD in the organs (liver, kidney, bone, skin and feather) of village weaver birds in Zone A and B Agricultural belts of Benue State are shown in Table 1, indicating wide range of variation in heavy metal accumulations in the different organs of the birds. In Agricultural Belt of Zone A, which is Ushongo, Konshisha and Kwande, arsenic was not found, meanwhile, in Ushongo, mercury showed high toxic concentration in the following organs liver 1.103±0.019 (ppm), kidney, 0.848±0.069 (ppm), bone, 1.223±0.014 (ppm), skin, not traceable, and feather, 1.123±0.049 (ppm). Lead also showed a toxic concentration in all the organs with the kidney having the highest 1.296±0.02 (ppm).  Mercury Hg and Lead Pb show considerable accumulation in all the organs in konshisha and Kwande, except in the skin of the bird where Hg is not found in konshisha and Kwande.  High concentration level of toxic heavy metals As, Hg and Pb was found in all the five organs of the birds in Zone B Agricultural Belt of Benue State, with bone and feathers showing some particular concern indicating that bones and feathers is a long-term storage site of chronic heavy-metal exposure (Table 1). 
 Table 1 Mean concentration and standard deviation of all the heavy metals (ppm) in the organs of the weaver birds in Zone A and B Agricultural Belts of Benue State.
USHONGO ZONE A 
	ORGANS
	COPPER (ppm)
(Mean Conc.±SD)
	LEAD (ppm)
(Mean Conc.±SD)
	CHROMIUM (ppm)
(Mean Conc.±SD)
	CADMIUM (ppm)
(Mean Conc.±SD)
	MERCURY
(ppm)
(Mean Conc.±SD)
	ARSENIC
(ppm)
(Mean Conc.±SD)

	LIVER
	0.0593±0.01
	0.432±0.01
	0.007±0.02
	0.0037±0.01
	1.103±0.019
	Not traceable

	KIDNEY
	0.0519±0.01
	1.296±0.02
	0.004±0.02
	0.0018±0.01
	0.848±0.069
	Not traceable

	BONE
	0.0222±0.01
	0.432±0.01
	0.003±0.01
	0.0037±0.01
	1.223±0.014
	Not traceable

	SKIN
	0.0296±0.01
	0.247±0.01
	0.003±0.01
	0.0018±0.01
	Not Traceable
	Not traceable

	FEATHERS
	0.0667±0.01
	0.309±0.01
	0.002±0.01
	0.0037±0.01
	1.123±0.049
	Not traceable






KONSHISHA ZONE A
	ORGANS
	COPPER (ppm)
(Mean Conc.±SD)
	LEAD  (ppm)
(Mean Conc.±SD)
	CHROMIUM (ppm)
(Mean Conc.±SD)
	CADMIUM (ppm)
(Mean Conc.±SD)
	MERCURY
(ppm)
(Mean Conc.±SD)
	ARSENIC
(ppm)
(Mean Conc.±SD)

	LIVER
	0.0889±0.01
	0.432±0.01
	0.003±0.01
	0.0018±0.01
	0.983±0.039
	Not traceable

	KIDNEY
	0.0741±0.01
	0.988±0.02
	0.001±0.01
	0.0073±0.02
	0.818±0.006
	Not traceable

	BONE
	0.0222±0.01
	0.432±0.01
	0.004±0.02
	0.0018±0.01
	1.035±0.005
	Not traceable

	SKIN
	0.0296±0.02
	0.370±0.01
	0.004±0.02
	0.0055±0.02
	Not traceable
	Not traceable

	FEATHERS
	0.1037±0.01
	0.185±0.01
	0.006±0.02
	0.0018±0.01
	1.018±0.005
	Not traceable



KWANDE ZONE A
	ORGANS
	COPPER (ppm)
(Mean Conc.±SD)
	LEAD (ppm)
(Mean Conc.±SD)
	CHROMIUM (ppm)
(Mean Conc.±SD)
	CADMIUM (ppm)
(Mean Conc.±SD)
	MERCURY
(ppm)
(Mean Conc.±SD)
	ARSENIC
(ppm)
(Mean Conc.±SD)

	LIVER
	0.2148±0.01
	1.420±0.02
	0.001±0.01
	0.0018±0.01
	1.030±0.007
	Not traceable

	KIDNEY
	0.1111±0.01
	0.617±0.02
	0.003±0.02
	0.0018±0.01
	0.039±0.019
	Not traceable

	BONE
	0.0222±0.01
	0.123±0.01
	0.001±0.01
	0.0037±0.01
	0.798±0.005
	Not traceable

	SKIN
	0.0444±0.01
	0.432±0.01
	0.004±0.02
	0.0037±0.01
	Not traceable
	Not traceable

	FEATHERS
	0.0667±0.01
	0.926±0.02
	0.004±0.01
	0.0037±0.01
	0.888±0.010
	Not traceable


GBOKO ZONE B
	ORGANS
	COPPER (ppm)
(Mean Conc.±SD)
	LEAD  (ppm)
(Mean Conc.±SD)
	CHROMIUM (ppm)
(Mean Conc.±SD)
	CADMIUM (ppm)
(Mean Conc.±SD)
	MERCURY
(ppm)
(Mean Conc.±SD)
	ARSENIC
(ppm)
(Mean Conc.±SD)

	LIVER
	0.2815±0.02
	0.432±0.01
	0.004±0.02
	0.0018±0.01
	2.32±0.008
	0.675±0.0014

	KIDNEY
	0.1185±0.02
	0.370±0.01
	0.001±0.01
	0.0073±0.02
	1.045±0.009
	0.047±0.001

	BONE
	0.0889±0.01
	0.741±0.02
	0.003±0.02
	0.0037±0.02
	5.240±0.012
	2.458±0.005

	SKIN
	0.0148±0.01
	0.679±0.02
	0.001±0.01
	0.0018±0.01
	1.273±0.010
	0.445±0.005

	FEATHERS
	0.0519±0.01
	0.247±0.02
	0.001±0.01
	0.0055±0.02
	3.683±0.0019
	1.828±0.005



MAKURDI ZONE B
	ORGANS
	COPPER (ppm)
(Mean Conc.±SD)
	LEAD  (ppm)
(Mean Conc.±SD)
	CHROMIUM (ppm)
(Mean Conc.±SD)
	CADMIUM (ppm)
(Mean Conc.±SD)
	MERCURY
(ppm)
(Mean Conc.±SD)
	ARSENIC
(ppm)
(Mean Conc.±SD)

	LIVER
	0.1111±0.02
	1.420±0.02
	0.002±0.01
	0.0018±0.01
	1.313±0.008
	0.530±0.007

	KIDNEY
	0.1185±0.02
	0.494±0.01
	0.004±0.02
	0.0073±0.02
	0.758±0.005
	0.028±0.003

	BONE
	0.0667±0.01
	1.296±0.02
	0.004±0.02
	0.0037±0.02
	3.333±0.006
	1.545±0.009

	SKIN
	0.0741±0.01
	0.370±0.01
	0.002±0.01
	0.0037±0.01
	1.158±0.006
	0.318±0.005

	FEATHERS
	0.1111±0.02
	0.864±0.02
	0.002±0.01
	0.0018±0.01
	2.713±0.006
	1.515±0.009



GWER ZONE B
	ORGANS
	COPPER (ppm)
(Mean Conc.±SD)
	LEAD(ppm)
(Mean Conc.±SD)
	CHROMIUM (ppm)
(Mean Conc.±SD)
	CADMIUM (ppm)
(Mean Conc.±SD)
	MERCURY
(ppm)
(Mean Conc.±SD)
	ARSENIC
(ppm)
(Mean Conc.±SD)

	LIVER
	0.2370±0.02
	0.802±0.02
	0.004±0.02
	0.0018±0.01
	0.810±0.007
	0.613±0.006

	KIDNEY
	0.0815±0.01
	0.370±0.01
	0.002±0.01
	0.0018±0.02
	0.683±0.008
	0.030±0.004

	BONE
	0.1778±0.02
	0.494±0.01
	0.004±0.02
	0.0017±0.02
	2.313±0.008
	1.330±0.007

	SKIN
	0.0519±0.01
	0.679±0.02
	0.002±0.01
	0.0018±0.01
	1.768±0.010
	0.240±0.004

	FEATHERS
	0.0444±0.01
	0.185±0.01
	0.004±0.01
	0.0055±0.02
	2.313±0.008
	1.318±0.005
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The presence of very low concentration of Cu, Cd and Cr in all organs compared to that of Hg, As, and Pb indicates that village weaver birds were not exposed to these metals. However, it is observed that bones and feathers accumulate more metals, indicating organ-specific bioaccumulation patterns (Table 2). From all indications, Hg had the highest concentration in all the organs followed by Arsenic and lead while copper is moderate and Cadmium and chromium are lowest (Table 2).

Table 2: Ranking of Heavy Metal Concentration (ppm) in all the different Organs of the birds.
	Tissue
	1st (highest)
	2nd
	3rd
	4th
	5th
	6th (lowest)

	Bone
	Hg (5.240)
	As (2.458)
	Pb (1.293)
	Cu (0.177)
	Cd (0.007)
	Cr (0.004)

	Feathers
	Hg (3.683)
	As (1.828)
	Pb (0.926)
	Cu (0.111)
	Cd (0.005)
	Cr (0.006)

	Kidney
	Hg (1.045)
	As (0.047)
	Pb (1.296)
	Cu (0.118)
	Cd (0.007)
	Cr (0.004)

	Liver
	Hg (2.320)
	As (0.675)
	Pb (1.240)
	Cu (0.281)
	Cr (0.004)
	Cd (0.007)

	Skin
	Hg (1.768)
	As (0.445)
	Pb (0.679)
	Cu (0.074)
	Cd (0.006)
	Cr (0.004)



The coefficients show differences between each place and type of organ relative to the reference categories (bone in case of organ, Gboko in case of place). It seems all the other locations have lower metal levels than Gboko due to the high magnitudes of the negative coefficients. The greatest declines (Coef. = -2.457) for instance, are the values in Konshisha, Kwande and Ushongo just as their comparative baseline metals concentrations are lower than that of Gboko. There is a descending order of metal burdens in the organs: bones, liver, feathers, skin and the kidneys. Descriptors of interaction effects are aimed at specifying which location alters the metal burden in each organ.
 The bones have the most metal and the kidneys and skin have more than the liver as well (Coef. = -2.410). The organs also have negative coefficients compared to the bone which suggest the organs have less metal than the bone does. The difference between these coefficients is greatly significant because all the p-values are less than 0.001 (Table 3). The use of interaction words shows which location modifies the metal burdens in particular organs. Positive coefficients, even after considering the primary effects, indicate that the organ has more metal than the prediction. For example, feathers in Konshisha × Feathers (Coef. = 0.630) and Kwande × Feathers (Coef. = 0.630), obtain more metal than the prediction which is derived solely from location or organs.
More pronounced are the indications that kidney interact with: Konshisha × Kidney (Coef. = 2.410) and similar values of Kwande, Ushongo are indicative of very high metal absorption in kidney at these localities counteracting the general trend of low level of metals (in kidneys) (Table 3). These large, positive and highly significant interaction effects refer to the presence of strong location-specific pollution signatures in which some organs are much more contaminated according to what is the local environmental conditions.
Table 3:  Linear mixed-effects model that looked at the concentration of arsenic (As) in the organs of weaver birds in six different locations in the two Agricultural belts in Benue State. Repeated measurements within individual birds were taken into account by the model (random intercept). Every effect was highly significant (p<0.001). Statistical significance is shown by bolded values. Reference categories: Organs = bone; Location = Gboko. 
	Locations and Organs
	Coef.
	SE
	Z
	P

	Location (vs. Gboko)
	
	
	
	

	Gwer West
	−1.127
	0.007
	−162.76
	<0.001

	Konshisha
	−2.457
	0.007
	−354.76
	<0.001

	Kwande
	−2.457
	0.007
	−354.76
	<0.001

	Makurdi
	−0.912
	0.007
	−131.73
	<0.001

	Ushongo
	−2.457
	0.007
	−354.76
	<0.001

	Organ (vs. bone)
	
	
	
	

	Feathers
	−0.630
	0.004
	−145.25
	<0.001

	Kidney
	−2.410
	0.004
	−555.68
	<0.001

	Liver
	−1.783
	0.004
	−410.95
	<0.001

	Skin
	−2.015
	0.004
	−464.55
	<0.001

	Location × Organ
	
	
	
	

	Gwer West × Feathers
	0.618
	0.006
	100.67
	<0.001

	Konshisha × Feathers
	0.630
	0.006
	102.70
	<0.001

	Kwande × Feathers
	0.630
	0.006
	102.70
	<0.001

	Makurdi × Feathers
	0.600
	0.006
	97.81
	<0.001

	Ushongo × Feathers
	0.630
	0.006
	102.70
	<0.001

	Gwer West × Kidney
	1.110
	0.006
	180.99
	<0.001

	Konshisha × Kidney
	2.410
	0.006
	392.92
	<0.001

	Kwande × Kidney
	2.410
	0.006
	392.92
	<0.001

	Makurdi × Kidney
	0.893
	0.006
	145.54
	<0.001

	Ushongo × Kidney
	2.410
	0.006
	392.92
	<0.001

	Gwer West × Liver
	1.065
	0.006
	173.62
	<0.001



The correlation matrix reveals common exposure pathways, co-accumulation patterns, and potential metabolic interactions between the amounts of certain metals in various organs. Certain metals rise and decline together across organs, according to strong positive correlations. Cu concentration in the liver, for instance, has a substantial correlation with Cu concentration in the kidney (0.69), Cu concentration in the bone (0.73), As concentration in the bone (0.70), and particularly Pb concentration in the skin (0.94), indicating that copper exposure affects several organs at once and may share environmental sources with lead and arsenic. In a similar vein, Hg concentration in the bone exhibits strong positive associations with Cu concentration in the kidney (0.58), Cu concentration in the bone (0.75), and Arsenic concentration in the bone (0.87), indicating that in long-term storage organs like bone and mercury tend to accumulate with copper and arsenic (Table 3).   
Some negative associations are a bit more distinct when comparing the exposure to different heavy metals. The strong correlation between Cu concentration in the liver and Pb concentration in the kidney of -0.88, and Cu concentration in the bone and Pb concentration in the kidney of -0.79. Coming from the fact that the birds that accumulate more copper do not seem to detoxify as much lead in their kidneys, from all indication, it seems these bird species could have encountered different pollutants or could have experienced some physiological trade-offs. The -0.80 correlation between Pb concentration in the kidney and Arsenic concentration in the bone, and -0.78 correlation between Pb concentration in the skin and Arsenic concentration in the bone also show hint that there are unique routes of exposure or competing uptake. The main picture of the matrix splits the heavy metals into two main piles, one containing copper, mercury and arsenic clumped together inside the birds, and the other basically governed by lead, with an apparent role of detoxification in the organs as shown in Table 3. 












Table 4: Spearman rank correlation matrix of the amounts of heavy metals in the organs of weaver birds. Correlations with p ≥ 0.50 are the only ones shown. Strong positive (p ≥0.70); strong negative (⁽≤-0.70). Strong co-accumulation of Cu in liver and bone, Hg and Pb in bone, and antagonistic interactions between Pb-kidney and the majority of other metals are notable patterns that point to organ-specific absorption and detoxifying mechanisms.
	Organ-Metal
	Cu-liver
	Cu-kidney
	Cu-bone
	Pb-liver
	Pb-kidney
	Hg-bone
	As-bone
	Pb-skin

	Cu-liver
	—
	0.69
	0.73
	—
	−0.88
	—
	0.70
	0.94

	Cu-kidney
	
	—
	—
	0.51
	−0.67
	0.58
	0.80
	0.51

	Cu-bone
	
	
	—
	—
	−0.79
	0.75
	0.76
	0.69

	Pb-liver
	
	
	
	—
	—
	—
	—
	—

	Pb-kidney
	
	
	
	
	—
	−0.63
	−0.80
	−0.78

	Hg-bone
	
	
	
	
	
	—
	0.87
	—

	As-bone
	
	
	
	
	
	
	—
	0.53

	Pb-skin
	
	
	
	
	
	
	
	—



The Random Forest model was highly efficient with the weaver birds being introduced to their six sampling sites on the basis of their multiselected metal profiles. The model scored 100 percent on test set, 8 birds were all correctly identified and a 100 percent accuracy in all cross-validation (CV) fold, the average CV accuracy of the model was 1.000 with a standard error of 0.000. The implication of this ideal shows that Gboko, Gwer West, Konshisha, Kwande, and Makurdi have rather distinct and predetermined heavy-metal concentration in their organs. That is, the model can make valid interpretations of the distinct pollution fingerprints created by the molecular imprints of their skin, liver, kidneys, bones, and feathers.
The ranking also shown to be the most important facet to distinguish between the organ-metal combinations in terms of location. The top contributors according to Fig.1 include Cu concentration in the feather (0.064), Cu concentration in the liver (0.059), Cr concentration in the liver (0.047), Cu concentration in the kidney (0.045), Hg concentration in the bone (0.045), Pb concentration in the kidney (0.042), Pb concentration in the skin (0.042), Hg concentration in the kidney (0.041), Cd concentration in the skin (0.038) and Pb concentration in the feather (0.038). Even though the following components Pb and Hg turned out to be the robust predictors of the environmental pollution in the long-term, the feathers became the non-invasive biomarkers that were particularly efficient. The summation of the results reveals that different parts of Benue have different contamination gradients, which are probably caused by the waste-related, agricultural, and industrial activities in the region.

Figure 2: Top 10 heavy Metal contaminated Organ Ranked using Random Forest Model

In order to find out the potential ecological related problems, the concentrations of heavy metals in the organs of weaver birds were compared with known wildlife toxicity thresholds. The concentration of the arsenic (2.47 ppm) was higher than the recommended safe level of 0.5 -1.0 ppm, which posed a high probability of poisoning, particularly in bone and feather organs. Although copper (Cu) was found in the normal nutritional ranges and less than the hazardous levels, cadmium (Cd) and chromium (Cr) were found to be way lower than the toxicity levels meaning that there was no significant concern. Mercury (Hg) levels were very high (5.27 ppm) and they surpassed the reproductive risk and toxicity levels and posed serious ecological, and health concerns (Table 5). Though the Pb values (1.296 ppm) were exceeding the recommended increased concentrations, they were nearly lower than fatal ones, which was the indicator of long-term exposure and grave danger to the fauna of the research area (Table 5). Nevertheless, the result demonstrates that As, Hg, and Pb concentration is high and may adversely affect the health of birds and the ecosystem in general.
Table 5: Comparison of Heavy Metal Concentrations in Weaver Bird Organs with International Wildlife Permissible Limits
	Metal
	Measured Values (ppm)
	Permissible Limit (ppm)
	Exceeds Limits?
	Concern Level

	 (As)
	2.47
	0.5–1.0
	Yes
	High

	(Cd)
	0.007
	1.0 (toxicity); 0.05
	No
	Low

	 (Cr)
	0.006
	1.0
	No
	Low

	(Cu)
	0.178
	5–15 normal range
	No
	Low

	 (Hg)
	5.27
	1.0 (toxic risk); 2–3
	Yes 
	 High

	 (Pb)
	1.296
	0.2 (elevated); >2 toxic
	Yes
	High



Discussion
The primary organ that store mercury (Hg), arsenic (As), and lead (Pb) in avian species are bones and feathers, based on the average level of concentration in the bones, according to the accumulation patterns of organs observed in weaver birds. The suitability of avian organs as indicators of exposure to ambient heavy metals can also be validated by the results of the study of Khwankitrittikul et al. (2024), which closely resemble the results of the present study. In this work, Pb, Cu, and Hg levels were found to be significant in the livers and kidneys of P. cucullatus, therefore, making them important sites of heavy metal detoxification and physiological processing as affirmed in their report that showed the accumulation of Cd and Pb were higher in metabolically active organs such as the liver and kidney of the granivorous bird species. They had found that Pb levels were greater than toxicity levels and were found to be predictive of liver Pb. The present research discovered that there were high levels of Hg and Arsenic concentration in the feathers, and this is a recent environmental contamination. These observations further indicate that feathers have good biomonitoring potential. 
Besides that, the findings of the present research are closely correlated with the findings of Haddabi et al., (2025), proving the helpfulness of passerine birds as sensitive bio-indicators of environmental pollution. Their study revealed that blood levels of Pb, Cd and Zn in house sparrows differed greatly among industries, high-traffic and rural areas with highest concentrations recorded in areas where there were higher human activities. This trend is in line with the pronounced location-specific differences in P. cucullatus observed in this work with the Gboko and Gwer West exhibiting very high levels of Hg, As and Pb burden relative to other places of agricultural practice. The two findings confirm that humans’ activities are significant sources of contamination and that the distribution of metals in birds is directly proportional to local pollution gradient. 
Similarly, the findings of Kramar et al. (2019) align with the present study outcomes quite closely, particularly regarding organ-specific mercury concentration and the effect of the geographical location on the level of contamination. Their investigation of Bald eagle nestlings revealed that the feathers of most of the said bird species contained much higher levels of mercury than the blood, which proved the efficiency of feathers as indicators of recent environmental exposure. This is in agreement with the current work that affirmed the good ability of P. cucullatus feathers as a non-invasive biomarker by showing an increase in the level of Hg and As.
 Also, this paper established that certain agricultural locations, Gboko and Gwer West bore the worst pollution that is in consonance with Kramar et al. (2019) who documented that inland population were exposed to a higher concentration of Hg loads than the coastal populations. Although there is an idea that coastal zones are more affected, both researches indicate that inland freshwater and agricultural settings are also a potential hot spot of metal contamination. 
The findings of previous research conducted across Benue State by Agera et al. (2016), revealed a significant amount of heavy metal pollution in the areas of burnt bricks production. The present paper shows a related trend in the accretion of metals in the avian organs, the bone and feathers showed the greatest burden of toxic metals for Hg, Pb, and As. Their research established high levels of Cd, Pb, Cr, Fe, Mn, and Zn, in topsoil of brick-making locations. The spatial coincidence between the two studies is a strong indication of a high correlation between terrestrial contamination and trophic bioaccumulation, particularly across LGAs of Makurdi, Gboko, Gwer West, Konshisha, Kwande and Ushongo.  They also established that the metal levels reduced with the depth of the soil implying shallow enrichment; which supports the fact that surface foraging bird species were highly exposed to risk. Combining the two findings, one can conclude that human activities, especially production of bricks, is a major source of localized heavy-metal pollution, which consequently facilitates the penetration of the pollutants into the tissues of wildlife.
Moreover, the findings of the present research are very similar to the findings of Yang et al. (2022) particularly in the toxicological impacts of exposure to multiple metals, and the crucial role of the liver in the environmental pollutant processing. They conducted a study in rural China and determined that the residents of the Cd-polluted regions had much greater blood levels of Cd, Pb, Cu, and Fe. These metals were also closely associated with deviant liver enzyme action indicating premature liver damage.
 The findings of the ongoing research are considerably backed by the findings of Pandiyan et al. (2022), in particular, by establishing the relevance of birds as effective bio-indicators and demonstrating their unique organ-specific distribution of heavy-metal concentration. There were also significant differences in concentrations of metal in liver, kidney, feathers, and muscle tissue of the waterbirds which is in line with the current study that indicated P. cucullatus bone and feather contained the highest burdens of Hg, As, and Pb, and that metabolically active organs were continuously undergoing detoxification processes.
The correlation patterns in this study are strong indications of the similarity of exposure pathways and biological mediation of interactions between heavy metals in P. cucullatus. The significant positive correlations that characterize the presence of Cu, Hg, As co-accumulation clusters in bone shows that these metals arrive in the body as a result of similar environmental sources and have similar physiological transit and storage routes. This implies that bone can be a source of numerous pollutants in the long run. Conversely, the high level of antagonistic interaction between Cu and Pb in liver implies that there could be metabolic competition whereby high level of copper could block the uptake or redistribution of Pb. The positive correlations between Cd, Pb, Ni, Zn, and Fe reported by Khwankitrittikul et al. (2024), suggests that similar metal uptake mechanisms are used across species of birds. The rationale behind using P. cucullatus as an effective bio-indicator in agricultural landscapes is that organ-specific accumulation patterns in birds provide sensitive and reliable information on both acute and chronic exposure to heavy metals.
This is parallel to the present study that has established the liver and kidney of P. cucullatus as sensitive to exposure to harmful metals by showing a significant accumulation of Cu, Pb, Hg, and As. In addition, Yang et al. (2022) demonstrated mixed metal effects and not the effect of single metal toxicity, which is consistent with the results of our study on antagonistic relationships between Pb and the patterns of co-accumulation (Cu, Hg, As cluster). Moreover, the two studies can prove that industrial, agricultural, or rural polluted environments present significantly more metal loads and biological risks. Additionally, the fact that certain metals pose less of an ecological threat in comparison to the toxic elements such as Hg, Pb and As is also validated by the safety of the key elements such as Zn and Mg as discussed by Yang et al., ( 2022).  All these findings agree that liver-based biomarkers are valid indicators of early toxicity in humans and wildlife, and multi-metal contamination has extensive and measurable biological impacts on species.
Also, Pandiyan et al. (2022) emphasized the contamination feeding routes by identifying the close correlations between the levels of metal in the organs of the avian and the prey species. This is consistent with the presented study findings of metal-metal interactions and co-accumulation clusters, which show similarity in terms of trophic and environmental exposure. The high metal levels in the P. cucullatus feathers, which also happened to be one of the most informative predictors in the Random Forest classification model, can also be justified by the fact that they identified feathers as useful and non-invasive biomonitoring organs. The conclusions of both studies are similar, namely that the systems on which they conducted their research, lakes of freshwater in their case and agricultural belts in this current study are very contaminated and pose great ecological dangers. The combination of these similarities, in general, highlight the greater ecological importance of monitoring heavy metals in different ecosystems, the usefulness of using avian species in determining spatial contamination gradients.  
The high concentration of copper (Cu) in the liver and kidneys of Ploceus cucullatus in this experiment is in line with the mechanistic evidence in a study reported by Chen et al. (2024) that demonstrated that exposure to Cu produced severe hepatocellular injury in chickens via vacuolization, mitochondrial perturbation, and autophagic activation. Their discovered degenerative processes provide a biological background of explaining the higher burden of Cu and high Cu-related correlations of wild weaver birds although their study involved controlled food intake in broiler chicks.
 The co-accumulation patterns of this study reveal metabolic stress which is congruent to Cu-induced oxidative and autophagic responses, particularly the massive Cu, Hg, As clustering in bone and Cu correlations with liver and kidney metals. Also, the interaction of Cu and other metals, including Pb and Hg, shows that P. cucullatus is likely experiencing compounded toxic effects, which are similar to the multi-metal interactions noted in experimental toxicology. These findings are therefore in line with the interpretation that supports the claim that Cu contamination in agro-industrial landscapes of Benue is not only extensive but also biologically meaningful in causing hepatic stress pathways in agro-industrial environments as have been experimentally validated through controlled avian models.
Of particular interest is the quite remarkable correlation between Cu in liver and Pb in skin, which indicates a common systemic transportation or a contemporaneous external deposition, which might occur by dust or soil particles. This trend is hardly observed in wild passerines (Haddabi et al., 2025) but is observed in feral pigeons that are heavily exposed to them. In combination these aggressive and multi-morbid associations illuminate the complex multi-metal exposure under which weaver birds live and cast light on the interrelations between environmental pollution and bird physiology. The patterns of P. cucullatus as a sensitive bio-indicator can reflect internal detoxification mechanisms and also, based on the patterns, a gradient of environmental pollution.
The ideal precision of the classification that was achieved under the assistance of the Random Forest model proves that there are unique and stable indicators of pollution in the sampled territories. Given that multi-selected tissue profiles can make credible discrimination of locations, the use of machine-learning algorithms to attribute the environment is made possible, which implies that different locations across Benue truly are characterized by unique pollution mixtures (Egwumah et al., 2025). Amazingly, one of the most effective predictors was the variables of feathers, and the reason why they should be used in the long-term pollution monitoring and the verification that they can be applied in non-lethal biomonitoring was also proved. 
Ploceus cucullatus is a highly useful sentinel species to monitor complex patterns of pollution because it has very high ecological risk indicators and a difference in space that is emulated in the classification model. These findings suggest the necessity to determine the sources of emissions and assess the agrochemical and industrial effects and take certain mitigation measures, especially, to the most affected regions. 
The current study uses the idea of the Random Forest model to determine the unusual so-called pollution fingerprints on the agricultural belts of Benue. The major finding of the current work is that P. cucullatus is a reliable and valuable bio-indicator to assess heavy metal contamination due to anthropogenic activities in the ecosystem.
Conclusion
In general, this study provides strong evidence that Ploceus cucullatus in Benue State faces extraordinarily high levels of multi-element heavy-metal contamination, with Hg, Pb, and As building up at significantly higher concentrations than those commonly reported in less affected areas. The complex pollutant mixes to which the species is susceptible is shown by the distinct differentiation across organs: liver and kidney representing active metabolic processing and bone and feathers serving as markers of recent and long-term exposure. Strong organ × location interactions and 100% classification accuracy in the Random Forest model show a distinct contamination profile for each area; Gboko and Gwer West stood out as hotspots of severe pollution. In summary, weaver birds have established themselves as potent bio-indicators of the environment's health within tropical environments that are severely affected by agriculture and industry. 
Recommendations 
Mitigation efforts in Gboko and Gwer West should urgently manage Hg sources, particularly artisanal gold mining, rubbish burning, bricks production, and other combustion practices known to release mercury into the environment. Cu, Pb, and Hg concentrations should serve as quick diagnostic indicators for environmental surveillance to establish non-lethal, feather-based biomonitoring throughout Benue State. Future studies should increase sample intensity to enhance temporal risk modeling and include multi-season evaluations. Regional authorities should likewise extend public health alerts to communities dependent on fish, poultry, and other species that could be similarly impacted due to certain contamination pathways. Lastly, the inclusion of machine-learning techniques in environmental forensics analysis might allow accurate source identification and enhance the efficacy of pollution-control regulations, guiding focused remediation throughout the most impacted areas.
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