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ABSTRACT

The increasing release of copper oxide nanopar-
ticles (CuO NPs) into terrestrial ecosystems neces-
sitates ecologically relevant risk assessment beyond
conventional biomarker endpoints. The present study
evaluated the dose and duration dependent effects of
CuO NPs on the intrinsic rate of population increase
(r) of Drawida willsi, an ecologically significant, r-se-
lected tropical Earthworm species, under controlled
artificial soil conditions. Population growth exhibited
a clear concentration-dependent decline. While con-
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trol groups maintained near-stable growth (r~ 0 to
-0.0065), exposure to >400 mg/kg CuO NPs resulted
in pronounced negative r-values, reaching —0.0717
at 1000 mg/kg after 28 days. Two-way ANOVA re-
vealed a highly significant effect of concentration (F
=19.138, p<0.001), whereas exposure duration (7-28
days) showed no significant independent influence (p
=(.806), indicating that toxicity was primarily dose
driven. Tukey’s post-hoc analysis identified signifi-
cant suppression beginning at 400 mg/kg and highly
significant inhibition at >600 mg/kg. These findings
demonstrate rapid and sustained impairment of ex-
ponential population growth in D. willsi, highlight-
ing demographic endpoints as sensitive indicators
of nanoparticle stress. This study bridges a critical
gap by integrating population growth analysis in a
non-model tropical species, providing novel insights
for soil nanoparticle risk assessment and long-term
ecological sustainability.

Keywords CuO nanoparticles, Drawida willsi,
Population growth rate (r), Soil ecotoxicology,
Concentration-dependent toxicity.

INTRODUCTION

The rapid expansion of nanotechnology has led to
the widespread production and application of engi-
neered nanoparticles (ENPs) in agriculture, medicine,
electronics, and environmental remediation. Among
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these, copper oxide nanoparticles (CuO NPs) are
extensively utilized due to their antimicrobial, cat-
alytic, and fungicidal properties. Their increasing
incorporation into agrochemicals, fertilizers, pesti-
cides, and industrial products has inevitably enhanced
their release into terrestrial ecosystems (Gao et al.
2024, Islam et al. 2025). Once introduced into soil,
CuO NPs may persist, transform, dissolve into ionic
copper, or interact with soil biota, thereby raising sig-
nificant ecotoxicological concerns (Naz et al. 2019).
Given that soil acts as the primary environmental
sink for metallic nanoparticles, understanding their
impact on soil organisms is essential for ecological
risk assessment.

Earthworms constitute a dominant component
of soil macrofauna and are widely recognized as
ecosystem engineers because of their fundamental
contributions to soil structure and functioning. They
actively participate in organic matter decomposition
(Blouin et al. 2013, Lavelle et al. 2022). Through
their burrowing and casting activities, earthworms
enhance soil aggregation, improving soil porosity,
aeration, and water infiltration (Bottinelli ez al. 2020,
Six et al. 2004). Their gut-associated processes and
cast deposition further promote nutrient mineraliza-
tion, (Aira et al. 2022, van Groenigen et al. 2014).
In addition, earthworms regulate soil microbial com-
munities by selectively grazing on microorganisms,
modifying microbial biomass and diversity, and stim-
ulating microbial functional activity through mucus
secretion and gut transit effects (Ferlian et al. 2018,
Thakuria et al. 2009). Collectively, these ecosystem
services position Earthworms as key biological
drivers of soil fertility and ecosystem productivity.

Their intimate contact with soil particles,
ingestion of contaminated substrates, and perme-
able integument make them highly vulnerable to
nanoparticle exposure (Spurgeon et al. 2020, Veli-
cogna et al. 2021). Consequently, Earthworms have
been extensively employed as bioindicators in soil
ecotoxicology. Recent studies have demonstrated
that CuO NPs can induce oxidative stress, cellular
damage, reproductive impairment, and mortality in
several earthworm species such as Eisenia fetida and
Allolobophora caliginosa (Bakr et al. 2023). Chronic
exposure has also been shown to alter gut microbiota,

immune responses, and bioaccumulation patterns
(Swart et al. 2020), while soil properties can modulate
nanoparticle bioavailability and toxicity (Fischer et
al. 2021, Josko et al. 2021).

Although nanoparticle ecotoxicology has largely
relied on standard laboratory species such as Eisenia
fetida (Velicogna et al. 2021, Josko et al. 2021),
comparatively little attention has been given to native
tropical earthworms, particularly species of the ge-
nus Drawida, despite their ecological importance in
Asian soils (Narayanan ef al. 2023). This is a critical
limitation because species-specific life-history traits,
burrowing behavior, and physiological tolerance can
substantially influence contaminant sensitivity and
exposure dynamics (Spurgeon et al. 2020, Pelosi et al.
2021). Drawida willsi, an r-selected species with high
reproductive potential and rapid population turnover,
remains largely unexplored in nanoparticle toxicity
studies. Most existing investigations emphasize
individual-level endpoints such as survival, biomass
change, oxidative stress, and histopathology (Bakr
et al. 2023), whereas demographic parameters like
intrinsic rate of increase (r-value), which integrate
survival and reproduction into a single ecological
metric, are rarely assessed (Spurgeon et al. 2020).
Given that population growth rate directly reflects
ecological fitness and long-term sustainability in
r-strategists, its evaluation is essential for ecologically
meaningful nanoparticle risk assessment.

Furthermore, while concentration-dependent
toxicity of CuO nanoparticles (CuO NPs) has been
consistently documented in soil invertebrates (Naz
etal 2019, Velicogna et al. 2021, Josko et al. 2021),
the relative contribution of exposure duration ver-
sus concentration in determining population-level
outcomes remains insufficiently resolved (Spurgeon
et al. 2020, Pelosi et al. 2021). Many nanoparticle
studies primarily focus on short-term biochemical
and cellular endpoints-such as oxidative stress bio-
markers, enzyme activity, and genotoxicity-without
directly linking these responses to demographic
consequences. Consequently, a substantial knowledge
gap persists regarding how CuO NP exposure alters
exponential population growth dynamics in ecolog-
ically relevant, non-model earthworm species under
controlled soil conditions, particularly in tropical taxa



that are underrepresented in nanotoxicological re-
search (Velicogna et al. 2021, Narayanan et al. 2023).

The present study addresses this gap by eval-
uating the dose- and duration-dependent effects of
CuO nanoparticles on the intrinsic rate of population
growth (1) in Drawida willsi under laboratory condi-
tions using artificial soil. By integrating demographic
analysis with robust statistical evaluation (two-way
ANOVA and post-hoc comparisons), this work moves
beyond traditional toxicity endpoints to quantify eco-
logically meaningful population responses. The find-
ings aim to (i) determine whether CuO NP exposure
significantly alters exponential population growth in
an r-selected earthworm species ; (i) assess whether
concentration or exposure duration exerts a stronger
influence on demographic outcomes ; and (iii) identify
potential threshold concentrations associated with
significant population suppression.

By focusing on a native tropical species and
employing population growth rate as a sensitive
ecological endpoint, this study contributes novel in-
sight into terrestrial nanoparticle ecotoxicology. The
results are expected to strengthen environmental risk
assessment frameworks by incorporating demograph-
ic parameters that better predict long-term ecosystem
consequences of nanoparticle contamination in soils.

MATERIALS AND METHODS

Earthworms (Drawida willsi) were collected from
agroecosystem site near Ranchi University, campus
located between 21°58” to 25° 19°N and 83° 20’ to
88° 4’ E during morning hours following Srivastava
etal. (2003). Earthworms were hand sorted and adult
worms (clitellate, > 4 cm) were used for experiment.
Worms were acclimatized to laboratory condition for
a week prior to start of experiment. Preparation of
artificial soil was done by mixing soil, saw dust (pre-
soaked in water for 3 weeks) and cow dung (dried and
powdered) in 1:1:1 ratio (w/w in dry condition). CuO
nanoparticles (< 50 nm particle size) were purchased
from Sigma Aldrich (product no.544868-25G).

Pots used for experiments contained 1kg of arti-
ficial soil. To each pot containing artificial soil pow-
dered CuO NPs was mixed at different concentrations
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(200 mg, 400 mg, 600 mg, 800 mg and 1000 mg).
The effect of nanoparticles on Earthworm population
growth was investigated at different concentration
and different periods of exposure (7d, 14 d, 21 d, and
28 d). For proper ventilation and exchange of gases
the lid was perforated. A control was set up having
only 1 kg of artificial soil with no CuO nanoparticle.
The growth rate of Earthworm population has been
calculated following Lotka equation. As pointed by
Lotka (1925) the growth rate of a population (r) is
expressed by the formula :

Where, N is the number of individuals at any given
time (t), which may be expressed as

It
"€

N;=N

Where, e =base of natural logarithms and the param-
eter r in the equation describes the population growth.

OBSERVATIONS

The intrinsic rate of population increase (r) of
Drawida willsi, an r-selected Earthworm species
characterized by rapid multiplication under favor-
able conditions, showed a consistent decline with
increasing concentrations of CuO nanoparticles (CuO
NPs) in artificial soil. In the control treatment, the
r-value remained stable at 0.00 during the initial 7
and 14 days, followed by only marginally negative
values at 21 days (—0.0016) and 28 days (—0.0065),
indicating near-stable population maintenance in the
absence of nanoparticle stress (Table 1).

Exposure to 200 mg/kg CuO NPs resulted in
slight reductions in r beginning at 14 days (—0.0049),

Table 1. Population Growth (r value) of Drawida willsi at different
CuO Np conc. and Durations.

7 days 14 days 21days 28 days
Control 0 0 -0.0016  -0.0065
200 mg/kg 0 -0.0049  -0.0086  -0.0079
400 mg/kg 0 -0.0254  -0.0194  -0.0165
600 mg/kg -0.026 -0.0289  -0.0267  -0.0182
800 mg/kg -0.0579  -0.0326  -0.0336  -0.0429
1000 mg/kg -0.0652  -0.0408  -0.0485  -0.0717
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Table 2. Two-way analysis of variance (ANOVA) evaluating the effects of CuO nanoparticle concentration and exposure duration on
the rate of population increase (r) of Drawida willsi under controlled soil conditions.

Source of variation SS df MS F P-value F crit
Rows (Concentration) 0.009123 5 0.001825 19.13826 4.96E-06 2.901295
Columns (Days) 9.34E-05 3 3.11E-05 0.326438 0.806266 3.287382
Error 0.00143 15 9.53E-05

Total 0.010647 23

with further modest declines at 21 days (—0.0086) and
28 days (—0.0079), suggesting mild suppression of
population growth. At 400 mg/kg, the decline became
more pronounced, with r reaching —0.0254 at 14 days
and remaining negative through 28 days (-0.0165). A
similar but stronger inhibitory pattern was observed
at 600 mg/kg, where r was already negative at 7 days
(-0.026) and reached —0.0289 at 14 days, persisting
at reduced levels up to 28 days (-0.0182).

Marked growth inhibition was evident at higher
concentrations. At 800 mg/kg, r declined sharply to
—0.0579 at 7 days and remained strongly negative
throughout the experimental period (—0.0429 at 28
days). The highest concentration, 1000 mg/kg, pro-
duced the greatest suppression, with r decreasing to
—0.0652 at 7 days and further declining to —0.0717
at 28 days. These data demonstrate a clear concen-
tration-dependent shift from near-zero growth in
the control to pronounced negative growth rates at
elevated CuO NP levels.

Two-way ANOVA (Table 2) revealed that
concentration had a highly significant effect on

population growth (F = 19.13826, p =4.96 x 10°°),
whereas exposure duration did not exert a statistically
significant influence (F = 0.326438, p = 0.806266).
The F-value for concentration exceeded the critical
value (Ferit = 2.901295), confirming that variation
in r was primarily attributable to differences in CuO
NP concentration rather than exposure time within
the 28-day period.

Tukey’s post-hoc analysis further clarified in-
ter-treatment differences (Table 3). No significant
difference was observed between the control and 200
mg/kg treatment (p = 1.000). However, significant
differences emerged between the control and 400
mg/kg (mean difference = 0.02293, p = 0.024), and
highly significant differences were recorded between
the control and 600 mg/kg (mean difference =0.0397,
p <0.001) as well as 800 mg/kg (mean difference =
0.0545, p < 0.001). Similar patterns were observed
when comparing 200 mg/kg with higher concentra-
tions, particularly 600 mg/kg and above (p < 0.001).
In contrast, comparisons among the highest concen-
trations (600—-1000 mg/kg) were not consistently
significant, indicating that beyond a threshold level,

Table 3. Tukey’s honestly significant difference (HSD) post hoc multiple comparison test showing pair wise differences among CuO
nanoparticle concentration treatments on the rate of increase (r) of Drawida willsi. . * p <.05, ** p <.01, *** p <.001.

Control 200 mg/kg 400 mg/kg 600 mg/kg 800 mg/kg 1000 mg/kg

Control Mean difference — 0.00 0.0133 0.02293* 0.0397%** 0.0545%**
p-value — 1.000 0.351 0.024 <.001 <.001

200 mg/kg Mean difference — 0.0133 0.02293* 0.0397%** 0.0545%**
p-value — 0.351 0.024 <.001 <.001

400 mg/kg Mean difference — 0.00962 0.0264%** 0.0412%**
p-value — 0.676 0.008 <.001

600 mg/kg Mean difference — 0.0168 0.0316**
p-value — 0.149 0.001

800 mg/kg Mean difference — 0.0148
p-value — 0.249

1000 mg/kg  Mean difference —

p-value




additional increases in concentration did not propor-
tionally intensify the inhibitory response.

Overall, the results demonstrate that CuO NP
exposure significantly suppresses the exponential
population growth of D. willsi in a dose-dependent
manner. While duration of exposure up to 28 days did
not independently influence growth rates, increasing
nanoparticle concentration produced progressively
stronger negative r-values, reflecting impaired re-
productive performance and/or increased mortality.
The findings clearly indicate that CuO NPs exert
substantial ecological stress on this r-selected soil
annelid under controlled laboratory conditions.

DISCUSSION

In the present investigation, CuO nanoparticle (NP)
exposure induced a concentration-dependent sup-
pression of population growth in Drawida willsi, an
r-selected Earthworm species known for high repro-
ductive output and exponential population dynamics
under optimal conditions. In control treatments,
r-values remained near zero during the first 14 days
and only slightly negative by 28 days (—0.0065),
consistent with expected maintenance of population
stability in uncontaminated artificial soil. However,
with progressive increase in CuO NP concentration,
r-values shifted distinctly into negative territory, in-
dicating suppressed growth and potential population
decline across all treated groups.

The pattern of dose-dependent inhibition ob-
served here agrees with recent ecotoxicological
research documenting the adverse biological effects
of metallic NPs on soil invertebrates. A 2025 study
by Baxla et al. (2025) found significant concen-
tration-dependent declines in Earthworm survival,
biomass, and reproduction at CuO NP exposures
similar to those used here, with severe toxicity at
>600 mg/kg and near complete mortality at 1000 mg/
kg. This underscores the ecological significance of
NP contamination on soil fauna (Baxla et al. 2025).

The results from two-way ANOVA provide
strong statistical support for the biological trend:
Exposure concentration exerted a highly significant
effect on r-values (F=19.138, p=4.96 x 10°°), where-
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as exposure duration from 7 to 28 days did not signifi-
cantly influence population growth independently (F
=0.326, p = 0.806). This implies that toxic impacts
were primarily driven by the magnitude of CuO
NP exposure rather than cumulative exposure time
within the 28-day period, suggesting rapid onset of
toxic stress that stabilizes rather than progressively
intensifies with longer exposure. Similar findings
regarding rapid initial toxic responses to metal NPs
have been reported for other invertebrate models ; for
instance, antioxidant and immune biomarkers were
significantly altered within short exposures to CuO
and Ag NPs in Allolobophora caliginosa, indicative
of early stress activation even at moderate NP levels.

Furthermore, post-hoc comparisons demonstrat-
ed that differences between control and low exposure
(200 mg/kg) were not statistically significant (p =
1.000), while contrasts with higher exposures (=400
mg/kg) were significant and highly significant at
>600 mg/kg (p < 0.001). Such thresholds of toxicity
align with prior soil toxicity benchmarks for CuO
particles and ionic copper, where sublethal effects
on reproduction and growth in Earthworms were
observed at similar or lower concentrations in both
model and natural soils (Spurgeon et al. as cited in
Tatsi ef al. 2018).

Mechanistically, the inhibition of population
growth likely reflects a combination of physiologi-
cal stress pathways triggered by CuO NP exposure.
Nanoparticles can induce oxidative stress through
generation of reactive oxygen species (ROS), lipid
peroxidation, and cellular dysfunction, as documented
in coelomic cells of Earthworms exposed to CuO
NPs where malondialdehyde and DNA damage in-
creased with exposure. Such subcellular disruptions
are known to compromise reproduction, energy
allocation, and survival, all of which manifest at the
population level as reduced r-values. Further, metal
oxide NPs including CuO have been shown to dis-
rupt physiological barriers and facilitate uptake and
accumulation of co-contaminants, exacerbating toxic
stress in soil organisms (Naz et al. 2019).

In addition to direct organismal effects, CuO
NPs may indirectly influence D. willsi by altering
soil chemistry and the microbial environment. For
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example, research has demonstrated that CuO and
other biocidal nanoparticles can significantly shift soil
bacterial communities (with implications for nutrient
cycling) even when negative impacts on Earthworm
gut microbiota are buffered, suggesting that commu-
nity-level changes could compound organismal stress
(Naz et al. 2019, Swart et al. 2020).

Given the central role of Earthworms in soil
structure, organic matter decomposition, and nutrient
cycling, the observed reductions in population growth
at >400 mg/kg CuO NP exposure carry important
ecological implications. Earthworm declines at sub-
lethal nanoparticle concentrations may reduce soil
fertility and disrupt plant—soil interactions, effects
previously observed with other nanoparticles such
as silver sulfide, which negate the positive effects of
Earthworms on plant nutrient uptake (Wu ez al. 2024).

Taking together, the data presented here ex-
tends current understanding of CuO NP ecotoxic-
ity in terrestrial systems by quantitatively linking
exposure concentration to measurable declines in
an r-species’ population growth. The patterns and
statistical robustness of these effects underscore the
need for environment-specific risk assessments of
engineered nanomaterials, particularly considering
their widespread use in agriculture and industry and
the potential for persistent soil accumulation (Singh
et al. 2024, Tortella ef al. 2024).
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