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Site differences were assessed using Welch’s t-test, Hedges’ g, and BH-
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characterized and integrated multi-element contamination patterns.
Results. Fourteen of the fifteen tissue x element combinations were
quantifiable; Ni fell below the detection limit in kidney at both sites.
Accumulation ranked Fe > Zn > Cd > Cr in kidney and Fe > Zn >
Cr > Ni > Cd in liver and muscle. Every quantified element except
Zn in the kidney was higher at the urban site. Enrichment was
strongest for Cd (CF = 2.50 in muscle, 2.00 in kidney) and Zn (CF
= 1.52 in liver, 1.50 in muscle), and weakest for Fe (CF = 1.01-
1.04). MPI rose from rural to wrban in all three tissues (kidney +26
%, liver +27 %, muscle +42 %). Principal component analysis
separated the strata along PC1 (83.5% of variance), driven by the
contrast between the Zn- and Fe-dominated kidney profile and the
Fe—Cr-Ni profile of liver and muscle. After correction for multiple
testing, no single contrast retained significance, a direct consequence
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of the small sample (minimum detectable effect, Cohen’s d = 3.1 at
n = 3 per group).

Conclusions. Metal burdens remained below published avian
toxicity thresholds, indicating no acute toxicity. However, consistent
changes in 13/14 contrasts, particularly for Cd, Ni, and Cr, support
anthropogenic metal enrichment. P. domesticus may therefore serve
as a useful sentinel of urban trace-metal exposure in central Punjab.

1. INTRODUCTION

Heavy metals occur naturally in the Earth’s crust, but industrialisation, urban expansion, intensive
agriculture and waste mismanagement have restructured their biogeochemical cycling to an extent that
now exceeds natural flux in many landscapes (Oladimeji et al., 2025). Zinc, lead, cadmium, nickel,
chromium, copper and iron enter terrestrial systems through industrial effluent, fossil-fuel combustion,
agricultural run-off, mining, refuse disposal and atmospheric deposition. Because they are neither
biodegradable nor readily excreted, these elements persist in soils and sediments, partition into plant
tissue and move upward through food webs, where long-term exposure can compromise both wildlife and
human health (Rather et al., 2023; Zhang et al., 2021).

The toxicological picture is elementspecific. Zinc is an essential cofactor in several hundred
metalloenzymes, yet sustained excess produces nausea, lethargy and, importantly, secondary copper and
iron deficiency through competitive interference at the intestinal mucus layer (Einhorn et al., 2024;
Fosmire, 1990). Cadmium has no known biological function; it is released by fossil-fuel combustion,
waste incineration, phosphate fertiliser and battery manufacture, accumulates preferentially in renal
tissue, and disturbs calcium and phosphorus metabolism with downstream effects on bone mineralisation
and renal function (Doccioli et al., 2024; Qu & Zheng, 2024; Sarker et al., 2022). Nickel is mobilised
from rock, soil, and fossil fuels and, at elevated exposure, has been linked to impaired growth, survival,
and reproduction in animals, alongside gastrointestinal, renal, and carcinogenic endpoints (Begum et al.,
2022; Kumar et al., 2021). Iron is indispensable to oxygen transport and energy metabolism, but overload
generates reactive oxygen species and consequent hepatic, cardiac and endocrine injury (Ali et al., 2023;
Peana et al., 2022). Chromium enters the environment largely through steel and alloy production and
tanning; the hexavalent form is markedly more toxic and carcinogenic than the trivalent form, with
documented respiratory, hepatic, renal and neurological effects (Islam et al., 2022; Iyer et al., 2023; Wise
et al., 2022).

Because direct measurement of environmental metal availability is costly and spatially coarse,
biomonitoring has become the preferred route to integrated exposure assessment (Zhou et al., 2008). A
bioindicator organism registers the fraction of contamination that is actually bioavailable, integrated over
its foraging range and residence time, and does so at a fraction of the cost of comprehensive abiotic
sampling. Plants, insects, molluscs, fish and mammals have all been deployed in this role (Maurya et al.,
2019), but birds are especially informative: they are widely distributed, taxonomically well characterised,
occupy several trophic levels, and accumulate contaminants in tissues that can be sampled with graded
invasiveness (Eens et al., 1999; Ozdemir & Azizoglu, 2025; Panda et al., 2025).

Within Pakistan, avian biomonitoring has produced a substantial evidence base. Feathers of cattle egret
(Bubulcus ibis) resolved spatial gradients in Pb and Cd across Punjab (Malik & Zeb, 2009), eggshells of B.
ibis and Egretta garzetta recorded maternal transfer of metals in the same province (Hashmi et al., 2013),
and a 48species feather survey established that taxon, trophic level and locality jointly govern
accumulation, with a national mean ranking of Fe > Zn > Cu > Pb > Mn > Cr > Ni > Co > Cd (Abbasi et
al., 2015). House crow (Corvus splendens) feathers have since been used to compare metropolitan centres
across Asia and Africa, including several Pakistani cities (Igbal et al., 2023), while Aziz et al. (2021)
documented toxic-metal burdens in birds of north-eastern Pakistan and Akram et al. (2024) reported
haematological correlates of metal exposure in the Sindh Sparrow (Passer pyrrhonotus). Naz (2025)
extended this to four passerines of central Punjab, establishing the regional baseline most directly
comparable to the present work.
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The House Sparrow is a particularly well-suited sentinel within this guild. It is commensal with humans,
largely sedentary, granivorous, and occupies both dense urban cores and surrounding farmland, so paired
sampling isolates the urbanisation contrast while holding species, diet and mobility approximately
constant. Swaileh and Sansur (2006) first demonstrated that urban sparrows carry significantly higher Cu,
Pb and Zn than rural conspecifics, and Albayrak and Mor (2011) confirmed tissue-dependent partitioning
between polluted and reference sites in Turkiye. Subsequent work has linked metal burden to
morphometric change (Albayrak & Pekgoz, 2021) and to ecologically relevant behavioural deficits at
sublethal Pb (Di Liberto et al., 2024). A recent series from Meknes, Morocco, has systematically mapped
Zn, Pb and Cd across blood, liver, kidney and feathers along an urban-industrial-rural gradient
(Haddadi, Chahlaoui, Taouraout, Belkhiri, et al., 2024; Haddadi, Chahlaoui, Taouraout, & Ichennarn,
2025; Haddadi, Chahlaoui, Taouraout, et al., 2025; Haddadi, Chahlaoui, Taouraout, Ichennarn, et al.,
2025), while Ding et al. (2023) provided comparable tissue-distribution data for the congeneric Tree
Sparrow (Passer montanus).

Despite this body of work, tissue-resolved multi-element data for P. domesticus from the agricultural
heartland of Punjab remain absent. District Okara is an intensively farmed landscape with a rapidly
expanding urban centre, combining fertiliser and pesticide inputs, an increasing vehicle fleet and
unregulated solid-waste disposal, yet its wildlife exposure profile is undescribed. The present study
therefore quantifies Zn, Cd, Ni, Fe and Cr in liver, kidney and pectoral muscle of House Sparrows from
paired rural and urban sites in Okara, with three specific objectives: (i) to characterise the tissue-specific
accumulation hierarchy of each element; (ii) to test whether the rural-urban contrast is detectable and, if
so, which elements carry the signal; and (iii) to place the measured burdens against published avian
toxicity thresholds so that ecological relevance, rather than statistical significance alone, can be judged.

2. Materials and Methods

2.1 Study area

District Okara lies in the central Punjab plain at 30.8014° N, 73.4483° E, bounded by Bahawalnagar to
the south, Pakpattan to the south-west, Sahiwal to the west, Faisalabad to the north, Nankana Sahib to
the near-east and far-north, Kasur to the south-east, and the Indian Punjab across the international border
(Government of the Punjab, n.d.). The district is a canal-irrigated agricultural belt best known for potato
and maize production. Two sampling strata were defined a priori. The rural stratum comprised cultivated
farmland and associated settlements with no industrial activity, characterised by agrochemical inputs and
low traffic density. The urban stratum comprised the built-up core of Okara city, characterised by high
vehicular density, roadside commerce, workshop activity and open municipal waste accumulation. Strata
were separated by more than 10 km, which exceeds the routine daily movement range of sedentary House
Sparrows and therefore treats the two populations as effectively independent with respect to local
exposure.
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Figure 1: Map of District Okara showing the rural and urban sampling locations.

2.2 Sampling design and ethical statement

Three adult House Sparrows were obtained from each stratum (total n = 6; 18 tissue samples). Sampling
was restricted to adults to avoid the age-dependent accumulation gradients reported for passerines (Ding
et al., 2023; Swaileh & Sansur, 2006). Birds were dispatched humanely, and liver, kidney and pectoral
muscle were excised with acid-washed stainless-steel instruments, rinsed in deionised water, placed in pre-
cleaned polyethylene containers and transported chilled to the laboratory. All procedures followed
institutional guidelines of the Department of Zoology, University of Okara.

2.3 Sample preparation and digestion

Tissues were dried in a forced-air oven (Heating Drying Oven IM-30) at 60 °C for 48 h to constant mass
and ground to a homogeneous powder. All concentrations are therefore expressed on a dry-weight basis
(ng g7t dw). A 1.000 g aliquot of each homogenate was digested with 2.5 mL concentrated HNO3 (65 %,
analytical grade) and 0.5 mL H,O, (30 %) on a magnetic hotplate at 200 °C until a clear, colourless
digestate was obtained, following the protocol of Ding et al. (2023). Digestates were cooled, made up to
25 mL with ultrapure deionised water, and filtered prior to analysis. We used acid-washed borosilicate
glassware and PTFE vessels throughout, and all reagents were analytical or trace-metal grade.

2.4 Elemental quantification

We quantified concentrations of Zn, Cd, Ni, Fe, and Cr in the digested samples using inductively coupled
plasma mass spectrometry (ICP-MS). The instrument was calibrated using a five-point matrix-matched
multi-element calibration series prepared by serial dilution of certified 1000 mg L™! stock standards in
2% HNOs3. Calibration curves were considered acceptable when the coefficient of determination (R2)
exceeded 0.999. Procedural blanks and calibration verification standards were included throughout each
analytical batch to assess contamination, instrumental stability, and analytical drift. We performed
calibration verification after every ten samples, and repeated the analytical run whenever measured drift
exceeded 10%. Element concentrations obtained from the instrument were subsequently corrected for
the sample dilution factor and expressed relative to the original sample mass.
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2.5 Quality assurance and quality control

Quality assurance and quality control procedures were implemented throughout sample digestion and
elemental analysis to ensure analytical accuracy, precision, and reliability. Analytical accuracy was
evaluated using NIST Standard Reference Material 1570, which was processed and analysed alongside
the study samples. We subjected 25 procedural blanks to the complete digestion and analytical procedure
to assess potential contamination and determine method detection limits. The limit of detection (LOD)
and limit of quantification (LOQ) for each element were calculated as three and ten times, respectively,
the standard deviation of the procedural blank measurements. The resulting LOD values were 0.50,
0.005, 0.006, 0.029, and 1.0 pg g™* for Zn, Cd, Ni, Cr, and Fe, respectively, while the corresponding LOQ
values were 1.60, 0.015, 0.019, 0.098, and 3.80 pg g™!. Analytical repeatability was assessed using replicate
measurements, with an acceptance criterion of <1% relative standard deviation (RSD); measurements
exceeding this threshold were repeated. Concentrations below the corresponding LOD were reported as
not detected (ND) and were excluded from ratio-based calculations rather than being replaced with
arbitrary values, following recommended procedures for censored environmental data (Helsel, 2012). The
instrumental operating conditions, including the analytical wavelength, fuel-flow rate, and bandpass used
for each target element, are presented in Table 1..

Table 1. Instrumental operating conditions for the elements analysed.

Element | Wavelength (nm) Fuel flow rate (L min™?) Bandpass (nm)
Zn 213.9 0.8-1.0 0.2
Fe 248.3 0.8-1.0 0.2
Cd 228.8 1.0-1.3 0.5
Ni 232.0 0.8-1.1 0.2
Cr 357.9 2.0-3.0 0.7

2.6 Derived contamination indices

To convert raw concentrations into comparable exposure metrics, four indices were computed for every
element-tissue combination. The contamination factor expresses urban enrichment relative to the rural
reference:

CF= Cmbﬂn/cmml

with CF = 1 indicating no enrichment and CF > 1.5 indicating marked enrichment. The equivalent
symmetric measure, the logy fold change (log,FC = log, CF), was used for graphical display so that
depletion and enrichment occupy equal visual space.

The Metal Pollution Index integrates the multi-element burden of a tissue as the geometric mean of its
constituent concentrations (Usero et al., 1997):

MPI = (C, x C, x ... x C)""

The geometric form prevents a single high-abundance element, here Fe — from dominating the index.
Finally, we expressed the relative elemental composition of each tissue as the percentage share of the
summed measured burden, providing a concentration-independent description of the exposure
fingerprint.

2.7 Statistical analysis

Descriptive statistics were expressed as mean * standard deviation. Rural-urban differences were assessed
using Welch’s unequal-variance t-test with Satterthwaite-approximated degrees of freedom, and effect sizes
were reported as Hedges’ g with 95% confidence intervals. To control for multiple comparisons, pvalues
were adjusted using the Benjamini-Hochberg false discovery rate procedure (g < 0.05). We further
explored multivariate patterns in elemental concentrations using hierarchical clustering and principal
component analysis on z-scored, log;g-transformed data. All analyses were performed in Python 3 using
NumPy, SciPy, pandas, and scikit-learn, and figures were prepared in Matplotlib. Figure 2 illustrates the
overall analytical workflow, from field sampling to elemental quantification and statistical analysis.
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Figure 2: Analytical workflow, from field sampling through digestion and quantification to the
derived-index and multivariate analyses.

3. Results

3.1 Tissue-specific elemental burden

Fourteen of the fifteen element x tissue combinations were quantifiable. Nickel fell below the limit of
detection in kidney tissue at both sites and is reported as ND throughout. In kidney, Zn was the only
element marginally higher in rural birds (1.04 + 0.02 pg g7!) than urban birds (1.02 + 0.02 pg g™).
Cadmium doubled from rural (0.04 + 0.02) to urban (0.08 + 0.01 pg g71), Fe was essentially unchanged
(1.44 + 0.03 versus 1.46 + 0.02 pg g°1), and Cr rose modestly (0.04 + 0.02 to 0.05 + 0.02 pg g71). The
renal accumulation hierarchy was Fe > Zn > Cd > Cr. In liver, every element was higher in urban birds:
Zn 0.25 + 0.04 — 0.38 + 0.04, Cd 0.04 £ 0.02 — 0.05 + 0.02, Ni 0.14 + 0.03 — 0.19 £ 0.05, Fe 4.40 +
0.24 — 4.57 £ 0.03 and Cr 0.28 £ 0.04 — 0.34 + 0.03 pg g™ *. The hepatic hierarchy was Fe > Zn > Cr >
Ni > Cd. Pectoral muscle reproduced the hepatic pattern: Zn 0.26 + 0.03 — 0.39 + 0.02, Cd 0.02 + 0.01
— 0.05+0.01,Ni 0.14 £ 0.04 — 0.18 £ 0.02, Fe 4.39 £ 0.21 — 4.50 £ 0.02 and Cr 0.25 + 0.03 — 0.29
+0.03 pg g7}, giving the same hierarchy, Fe > Zn > Cr > Ni > Cd. Taken across all three tissues, 13 of the
14 quantifiable contrasts moved in the same direction — upward at the urban site. Under a null hypothesis
of no habitat effect, a directional concordance this strong is itself improbable (two-sided sign test, p =
0.0018), and this collective consistency constitutes stronger evidence than any individual comparison.
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Figure 3: Tissue-specific metal burden (mean + SD, logy¢ scale) in rural and urban House Sparrows
across kidney, liver and muscle.

Table 2. Elemental concentrations (ug g”! dry weight, mean + SD; n = 3 per group) with re-derived
inferential statistics.

Tissue | Element | Rural Urban t df D g(BH) | Hedges’ g [95 %
CI]
Kidney | Zn 1.04 + 1.02 + | —1.22 | 4.00 | 0.288 | 0.448 | —0.80 (—2.49,
0.02 0.02 0.89]
Cd 0.04 + 1 0.08 + 3,10 |2940.055|0.192 | 2.02[-0.10, 4.15]
0.02 0.01
Ni ND ND — — — — —
Fe 1.44 + | 1.46 + 096 | 348 0.399 | 0.507 | 0.63[—1.03,2.29]
0.03 0.02
Cr 0.04 +0.05 +0.61 |4.00]0.573|0.573 | 0.40[—1.22,2.02]
0.02 0.02
Liver n 0.25 +0.38 +398 |4.00]0.016 | 0.100 | 2.60[0.19,5.01]
0.04 0.04
Cd 0.04 +0.05 +0.61 |4.00]0.573|0.573 | 0.40[—1.22,2.02]
0.02 0.02
Ni 0.14 +0.19 + 149 |3.271]0.227 | 0.397 | 0.97[-0.77, 2.71]
0.03 0.05
Fe 4.40 + | 4.57 + | 1.22 | 2.06 | 0.344 | 0.482 | 0.80[—0.90, 2.49]
0.24 0.03
Cr 0.28 +0.34 +208 |3.71]0.112 | 0.313 | 1.36 [-0.50, 3.21]
0.04 0.03
Muscle | Zn 0.26 +10.39 +]6.25 |3.48]0.005 | 0.073 | 4.08[0.83, 7.33]
0.03 0.02
Cd 0.02 +0.05 +]3.67 |4.00]0.021 | 0.100 | 2.40[0.09, 4.71]
0.01 0.01
Ni 0.14 +0.18 + | 1.55 |29410.221 | 0.397 | 1.01[-0.74, 2.76]
0.04 0.02

954 |Page




Bioscience Insights Volume 3, Number 2, 2026

Fe 4.39 + 1450 + 1090 |2.04 0460 | 0.537 | 0.59[—1.06, 2.24]
0.21 0.02

Cr 0.25 +10.29 + | 1.63 |4.00]0.178 | 0.397 | 1.07 [-0.70, 2.83]
0.03 0.03

3.2 Multivariate structure of the exposure signal

Hierarchical clustering of the zscored log1g concentration matrix separated the six strata into two primary
clusters that corresponded to organ identity rather than to sampling site (Figure 4). Both kidney strata
formed one cluster, distinguished by comparatively high Zn and low Fe; liver and muscle formed the
second, distinguished by high Fe, Cr and Ni. Within the second cluster, the two urban strata grouped
together and separated from their rural counterparts, indicating that the habitat signal, while secondary
to organ physiology, is nonetheless resolvable. Principal component analysis recovered the same
architecture in quantitative form (Figure 12). PC1 accounted for 83.5 % of total variance and PC2 for a
further 15.4 %, so the first two components jointly described 98.9 % of the structure. PC1 was loaded
positively by Fe, Cr and Ni and negatively by Zn, separating the kidney strata on the negative axis from
the liver and muscle strata on the positive axis. PC2 was dominated by Cd and separated urban from
rural strata within each organ group, with Kid-U and Liv-U/Mus-U displaced toward negative PC2
relative to their rural counterparts. Cadmium therefore emerges as the principal discriminator of habitat
once organ-driven variance is partitioned out.

- 0.5
Mus-R - 0.25 0.14 4.39 0.26

L 0.0

Liv-R - 0.28 0.14 4.40 0.25 0.04
A 7 - —0.5

Liv-U - 0.34 0.19 4.57 0.38 0.05
=1.5

Mus-U - 0.29 0.18 4.50 0.39 0.05
1 1 1 1 1 _20

Cr Ni Fe Zn Cd

Figure 4: Hierarchical clustering heatmap of z-scored log; o concentrations across the six tissues x site
strata. Cell annotations give the underlying concentration in pg g™.

3.3 Magnitude and direction of urban enrichment

Table 3 summarises contamination factors, and Figures 5, 10, and 13 show them. Enrichment was
strongly element-dependent and ordered almost exactly by biological essentiality. The non-essential
elements showed the largest displacement: Cd reached CF = 2.50 in muscle and 2.00 in kidney, equivalent
to logo,FC of +1.32 and +1.00. Ni reached CF = 1.36 (liver) and 1.29 (muscle), and Cr CF = 1.21-1.25
across tissues. Among the essential elements, Zn showed substantial enrichment in the two peripheral
tissues (CF = 1.52 liver, 1.50 muscle) but none in the kidney (CF = 0.98), while Fe was almost invariant

955|Page

z-scored logio concentration



Bioscience Insights Volume 3, Number 2, 2026

across the gradient (CF = 1.01-1.04) in every tissue. The volcano representation (Figure 5) makes the
pattern explicit: the three contrasts that combine a biologically meaningful fold change (|logzFC| > 0.58)
with p < 0.05 — Zn'muscle, Zn-liver and Cd-muscle — all fall in the urban-enriched quadrant, and no
contrast falls in the rural-enriched quadrant. Cd-kidney lies immediately below the significance threshold
(p = 0.055) despite the largest kidney fold change, a result attributable to sample size rather than to a weak
signal. Effect sizes were correspondingly large (Figure 9). Hedges’ g exceeded 2.0 for four contrasts
(Zn'muscle g = 4.08; Liv-Zn g = 2.60; Mus:Cd g = 2.40; Kid:Cd g = 2.02) and exceeded 0.8, the
conventional “large” threshold, for nine of the fourteen. Only kidney Zn produced a negative effect.
Confidence intervals were wide throughout, which is the expected consequence of n = 3 and is discussed
in Section 4.5.

Table 3. Contamination factor (CF), log, fold change, and percentage change for each element x tissue
contrast, ordered by magnitude of enrichment.

Rank Tissue Element CF log, FC Change (%) Interpretation

1 Muscle Cd 250 | +1.32 +150 Marked enrichment

2 Kidney Cd 2.00 | +1.00 +100 Marked enrichment

3 Liver In 1.52 | +0.60 +52 Marked enrichment

4 Muscle Zn 1.50 | +0.59 +50 Marked enrichment

5 Liver Ni 1.36 | +0.44 +36 Moderate enrichment
6 Muscle Ni 1.29 | +0.36 +29 Moderate enrichment
7 Kidney Cr 1.25 | +0.32 +25 Moderate enrichment
8 Liver Cd 1.25 | +0.32 +25 Moderate enrichment
9 Liver Cr 1.21 | +0.28 +21 Moderate enrichment
10 Muscle Cr 1.16 | +0.21 +16 Slight enrichment

11 Liver Fe 1.04 | +0.05 +4 No enrichment

12 Muscle Fe 1.03 +0.04 +3 No enrichment

13 Kidney Fe 1.01 | +0.02 +1 No enrichment

14 Kidney In 098 | —0.03 -2 No enrichment

956 |Page



Bioscience Insights Volume 3, Number 2, 2026

® Kidney @ 2Zn
B Liver Cr
2.5 A Muscle @ Ni
® Fe ® Cd I Zn-Mus
2.0 -
= Zn-Liv
v
&L - Cd-Mus
- ‘
n
§ 1.5 -
% p =005 Cd-Kid
o
csw 1.0 - Cr-Liv
o
| Cr-Mus
N Nk 5y
Zn-Kid AW
Fe-Li
0.5 - Oy
' Fe:Mus
A CoHiar
enriched [ | enriched
in RURAL in URBAN
0.0 -
1 1 ) 1 T ) T I
-1.5 -1.0 —-0.5 0.0 0.5 1.0 1.5 2.0

log, fold change (Urban / Rural)

Figure 5: Volcano plot of the fourteen tissue x element contrasts. Points combining |logzFC| > 0.58
with p < 0.05 are labelled in bold; all lie in the urban-enriched quadrant.

elements (upper arc) e tissues (lower arc) elements (upper arc) e tissues (lower arc)

Figure 6: Chord diagram of element-tissue partitioning at the rural and urban sites; ribbon width is
proportional to concentration.

3.4 Elemental fingerprints and accumulation hierarchy

The chord representation (Figure 6) and the radar profiles (Figure 7) show that the exposure fingerprint
is conserved in shape but inflated in magnitude at the urban site. Iron dominated the total measured
burden in every stratum, contributing 86-87 % of the summed mass in rural liver and muscle and 83 %
in their urban counterparts, and 56 % in kidney at both sites (Figure 11). The apparent decline in Fe share
at the urban site is not a decline in Fe itself — Fe concentration rose slightly in all three tissues — but a
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dilution effect produced by the disproportionate rise of Cd, Ni, Cr and Zn. This is a useful diagnostic: a
contamination signal driven by external inputs should expand the non-essential fraction of the fingerprint
while leaving the homeostatically buffered fraction approximately constant, which is precisely what was
observed. Ranking each stratum’s elements from highest to lowest (Figure 8) shows that the rank order is
invariant to site: kidney follows Fe > Zn > Cd > Cr and liver and muscle both follow Fe > Zn > Cr > Ni >
Cd, whether birds were sampled in farmland or in the city. Habitat shifts the elevation of the curve,

particularly at the low-abundance tail where Cd sits, without reordering it.
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Figure 7: Radial multi-element signature of each tissue, rural versus urban (radial axis logy g-scaled).
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Figure 9: Forest plot of Hedges’ g with 95 % confidence intervals for all fourteen contrasts.
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with contamination factors.

3.5 Integrated contamination burden

The Metal Pollution Index rose from rural to urban in all three tissues (Figure 11): kidney 0.221 — 0.278
(+26 %), liver 0.280 — 0.355 (+27 %) and muscle 0.240 — 0.341 (+42 %). Muscle therefore showed the
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largest integrated displacement despite containing no element at markedly elevated absolute
concentration, because the index is sensitive to proportional change across the whole element suite rather
than to any single high-abundance component. Ranked by integrated urban burden, liver (MPI = 0.355)
exceeded muscle (0.341), which exceeded kidney (0.278).
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Figure 11: Left: Metal Pollution Index for each tissue, rural versus urban. Right: relative elemental
composition of the total measured burden in each stratum.
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Figure 12: Principal component analysis biplot of the six tissue x site elemental profiles.
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Figure 13: Contamination factor matrix; bubble area is proportional to urban enrichment.

3.6 Comparison with avian toxicity thresholds

To translate the measured burdens into ecological terms, we compared values against thresholds compiled
for wild birds. The avian renal threshold indicating elevated environmental Cd exposure is 2-8 pg g71,
and the hepatic threshold for Cd poisoning is 40 ng g7! (Khwankitrittikul et al., 2024; Scheuhammer,
1987). Maximum kidney Cd observed here was 0.08 pg g™! — between 25 and 100 times below the lower
bound of the exposure-indicator range and maximum hepatic Cd was 0.05 pg g”!, some three orders of
magnitude below the poisoning threshold. Zinc, which becomes toxicologically relevant in avian tissue at
concentrations two to three orders of magnitude above those recorded here, likewise remained far below
any effect level. The measured burdens are therefore best interpreted as a sub-toxic exposure signal, not
as evidence of metal poisoning. Their value lies in the consistency and structure of the rural-urban
contrast rather than in the absolute magnitudes.

4. Discussion

The central result of this study is not any single significant contrast but the internal coherence of the
pattern. Thirteen of fourteen quantifiable element x tissue comparisons moved in the same direction; the
exception, kidney Zn, deviated by 2 %, which is within analytical repeatability. Directional concordance
of this strength is unlikely under a null hypothesis of no habitat effect, and it accords with the wider
literature on urban-rural contrasts in P. domesticus, beginning with Swaileh and Sansur (2006) and
extended in the Moroccan series of Haddadi and colleagues, in which industrial and high-traffic strata
consistently carried the highest Zn, Pb and Cd burdens and rural reference sites the lowest (Haddadi,
Chahlaoui, Taouraout, Belkhiri, et al., 2024; Haddadi, Chahlaoui, Taouraout, Ichennarn, et al., 2025).
More informative still is the ordering of enrichment. Contamination factors scaled inversely with biological
essentiality: Cd (CF up to 2.50) > Zn in peripheral tissue (1.50-1.52) > Ni (1.29-1.36) > Cr (1.16-1.25)
> Fe (1.01-1.04). Iron and renal zinc — the two elements under tight homeostatic control in vertebrates
— were effectively invariant across the gradient, exactly as regulated elements should be. Cadmium and
nickel, which have no physiological regulatory machinery, tracked the habitat contrast most strongly. This
dissociation is difficult to explain by sampling artefact, digestion variability or instrumental drift, all of
which would affect regulated and non-regulated elements alike. It is, however, precisely the signature
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expected when an external, anthropogenic input is superimposed on a physiologically buffered baseline,
and it substantially strengthens the case that the observed contrast is real.

Urban Okara concentrates several well-documented emission pathways. Cadmium in urban passerines is
commonly attributed to vehicular sources — tyre and brake wear, lubricants and fuel combustion —
together with the incineration and open dumping of household waste, batteries and plastics (Haddadi,
Chahlaoui, Taouraout, Belkhiri, et al., 2024; Qu & Zheng, 2024). Nickel and chromium originate largely
from alloy and steel working, electroplating, tanning and the metal-fabrication workshops typical of
Pakistani urban commercial strips (Islam et al., 2022; Kumar et al., 2021). Zinc has both traffic-related
sources, notably tyre wear and galvanised structures, and agricultural sources through fertiliser and feed
supplementation, which may explain why the rural stratum recorded a comparable renal Zn burden to
the urban stratum while its hepatic and muscular Zn remained lower (Haddadi, Chahlaoui, Taouraout,
& Ichennarn, 2025). Iron’s near-invariance is consistent with a large, ubiquitous crustal background
against which incremental urban input is undetectable. The granivorous diet of the House Sparrow is the
most likely exposure route. Seeds and grain gathered from roadside verges, refuse and market spillage in
the urban stratum will carry deposited particulate metal, and granivorous birds have been shown to
accumulate Cd in liver and kidney at higher rates than water birds from the same landscape, a difference
attributed to feeding behaviour and to the ingestion of metal-contaminated seed (Khwankitrittikul et al.,
2024). Incidental grit and soil ingestion during foraging provides a second route that is plausibly amplified
in the dustladen urban environment.

The accumulation hierarchies recovered here — Fe > Zn > Cd > Cr in kidney and Fe > Zn > Cr > Ni > Cd
in liver and muscle — are consistent with the national feather survey of Abbasi et al. (2015), which
reported an overall ranking of Fe > Zn > Cu > Pb > Mn > Cr > Ni > Co > Cd across 48 Pakistani bird
species, and with the regional passerine baseline of Naz (2025). The clustering and PCA results add an
important qualification: organ identity, not sampling site, is the dominant source of variance in the
dataset (PC1, 83.5 %). Liver and kidney are the principal sites of metal metabolism, storage and
detoxification, with high metallothionein expression and active transport machinery, and they therefore
accumulate differently from skeletal muscle regardless of exposure (Mateo & Guitart, 2003; Yipel et al.,
2023). That the habitat contrast nonetheless resolves on PC2 — loaded chiefly by Cd — demonstrates that
the urban signal is detectable but secondary, and it argues strongly for multi-tissue sampling. A single-
tissue design would have captured only part of the picture: kidney alone would have missed Ni entirely
and understated Zn enrichment; muscle alone would have missed the renal Cd sequestration that is the
classic signature of cadmium exposure. The finding that muscle showed the largest proportional MPI
increase (+42 %) deserves comment. Muscle is not a primary detoxification organ and generally carries
lower burdens, so a proportionally large rise there suggests that urban exposure is sufficient to exceed the
buffering capacity of the hepatic and renal compartments and to spill into peripheral tissue. From an
applied standpoint this also matters for human exposure, since muscle is the edible fraction in any avian
species taken for consumption (Khan et al., 2023; Yacoubi et al., 2024).

A finding that distinguishes this analysis from the original draft is that the measured burdens lie far below
published avian toxicity thresholds. Renal Cd of 0.08 pug g™t is 25-100 times below the 2-8 pg g™! range
that flags elevated environmental Cd exposure in wild birds, and hepatic Cd of 0.05 pg g7! is roughly
three orders of magnitude below the 40 pg g™! poisoning threshold (Khwankitrittikul et al., 2024;
Scheuhammer, 1987). Claims that these concentrations exceed “permissible limits” cannot be supported
without specifying the limit invoked and its provenance, and the present data do not indicate acute or
chronic metal toxicosis in Okara sparrows. This does not diminish the result; it reframes it. Sub-toxic
body burdens are exactly what a sensitive early-warning bioindicator should register. Sublethal exposure
has nonetheless been associated with measurable biological cost in this species — morphometric change
under elevated metal load (Albayrak & Pekgoz, 2021) and impairment of ecologically relevant behaviour
at sublethal Pb (Di Liberto et al., 2024) — and metal stress may interact with the habitat loss, nest-site
limitation, food scarcity, predation and disease pressures that jointly shape House Sparrow population
trends. The appropriate conclusion is that Okara’s urban environment imposes a detectable, sub-toxic
and directionally consistent metal load on its resident sparrows, and that this load is rising with the
district’s urbanisation rather than that the birds are being poisoned.
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4.5 Limitations

Several limitations constrain the interpretation of these findings. The principal limitation is the small
sample size (n = 3 birds per stratum); at a = 0.05 and 80% power, this design can reliably detect only very
large effects (Cohen’s d = 3.07), making moderate but potentially ecologically important effects difficult
to detect and explaining the occurrence of large effect sizes despite non-significant paalues and the absence
of FDRssignificant contrasts. Accordingly, interpret effect sizes and uncertainty alongside p values rather
than treating statistical non-significance as evidence of no effect. Power calculations based on the observed
effects suggest that approximately five birds per group would be required to detect the Cd-muscle effect
(g = 2.4) and approximately 17 per group for the more modest Ni and Cr effects (g = 1.0) at 80% power.
Spatial and temporal replication was also limited to one rural and one urban site sampled on a single
occasion, preventing separation of habitat effects from site-specific characteristics and seasonal variation;
future studies should therefore include multiple sites per stratum and repeated seasonal sampling.
Important covariates, including sex, age, body mass, and body condition, were not modelled, although
they may influence metal accumulation in passerines (Ding et al., 2023; Swaileh & Sansur, 2006). In
addition, we did not analyse soil, water, dietary material, and airborne particulate matter concurrently,
precluding estimation of environmental-to-tissue bioaccumulation relationships. The analytical scope was
restricted to five elements, with lead a notable omission, and measurement of total chromium did not
resolve the toxicologically relevant Cr(III)/Cr(VI) species; future work should therefore incorporate
broader elemental profiling and chromium speciation (Iyer et al., 2023). Finally, because lethal tissue
collection limits longitudinal monitoring, non-invasive matrices such as blood and feathers should be
incorporated where appropriate; previous studies have demonstrated their utility for assessing Cd and Pb
exposure and relating feather concentrations to internal tissue burdens (Coeurdassier et al., 2012;

Bortolotti, 2010; Haddadi et al., 2025; Janaydeh et al., 2016; Manjula et al., 2015; Ding et al., 2023).

5. Conclusions and Future Directions

This study provides a tissue-resolved multi-element exposure profile of Passer domesticus in District Okara,
Punjab, demonstrating tissue-specific accumulation patterns, consistently greater metal burdens in urban
birds, and elevated integrated Metal Pollution Index values across kidney, liver, and muscle. The observed
enrichment of Cd and Ni, contrasted with the relative stability of homeostatically regulated Fe, supports
an external exposure signal, while the measured concentrations remained one to three orders of
magnitude below established avian toxicity thresholds, indicating sub-toxic exposure rather than overt
metal poisoning. Although several contrasts exhibited large effect sizes (g > 0.8), the absence of FDR-
significant differences reflects the limited statistical power associated with n = 3 birds per group rather
than definitive evidence of no biological effect. Future research should therefore prioritize adequately
powered sampling with multiple rural and urban sites and repeated seasonal surveys, incorporate sex, age,
body mass, and body condition as biological covariates, and analyse environmental matrices—including
soil, water, dietary materials, and airborne particulates—to establish exposure pathways and
bioaccumulation relationships. Expanded elemental profiling should include lead and other
environmentally relevant metals, while chromium speciation should distinguish Cr(IIT) from Cr(VI) to
improve toxicological interpretation. Longitudinal surveillance should additionally incorporate non-
lethal matrices, particularly feathers and blood, to facilitate repeated biomonitoring while reducing
reliance on destructive tissue collection. Collectively, these approaches would strengthen causal
interpretation, improve spatial and temporal resolution of contamination patterns, and establish P.
domesticus as a practical sentinel for monitoring bioavailable trace-metal exposure across rapidly urbanizing
landscapes of central Punjab.
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