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ABSTRACT

This study examined the effects of microplastic (MP) contamination on rumen fermentation dynamics and concentrate degra-
dability using an in vitro model with lamb rumen fluid. Three types of MPs—polyethylene terephthalate (PET), low-density
polyethylene (LDPE), and polyamide (PA)—were tested at contamination levels of 0%, 0.6%, 1.2%, and 1.8% of dry matter. MP
contamination significantly disrupted rumen fermentation dynamics, reduced feed degradability, increased gas production, ac-
celerated fermentation rates, and shortened the lag time before gas production (p <0.05). Additionally, MPs impaired microbial
efficiency, increased ammonia-nitrogen (NH;-N) levels, decreased rumen protozoa populations, and reduced concentrate degra-
dability (p < 0.05). LDPE exhibited the most severe effects, causing the highest increases in gas production and NH;-N levels (15%
and 12%, respectively at LDPE highest dose) while decreasing microbial efficiency, protozoa count, and feed degradability (16.0%,
16.4%, and 4.5%, respectively at LDPE highest dose). The severity of MPs' impacts followed a significant linear trend, with higher

concentrations leading to more pronounced negative effects. The findings highlight MPs as significant emerging pollutants that

can adversely affect rumen function and animal nutrition.

1 | Introduction

Microplastics (MPs), defined as plastics with a dimension rang-
ing from 1um to 5mm, have emerged as a widespread environ-
mental contaminant with significant implications for livestock
systems (Ramachandraiah et al. 2022; Sandil 2024). Recent stud-
ies have revealed extensive contamination of ruminant feed by
MPs with samples from India and Italy showing 100% contam-
ination across various feed types, involving different MP poly-
mers (Maganti and Akkina 2023; Glorio Patrucco et al. 2024).
This contamination is primarily attributed to the extensive use of
plastic materials in the feed industry, including plastic packaging
for feed ingredients and the use of plastic films for the preserva-
tion of silage and nets for hay, which inadvertently introduce MPs

into the feed supply chain (Su et al. 2025). Additionally, plants
can absorb MPs from contaminated soils through xylem uptake,
which leads to their accumulation in edible plant tissues, further
exacerbating feed contamination (Li et al. 2023).

Due to their small size, MPs are accidentally ingested by ani-
mals during feeding, making feed contamination a route of MP
exposure within the animal system (Enyoh et al. 2020; Dong
et al. 2023; Khan et al. 2024). A study on sheep proved that
most of ingested polystyrene (PS) MPs were excreted via feces
within 72h, with less than 1% translocated into the blood-
stream, milk, and urine (Shelver et al. 2024). Moreover, the
widespread contamination of ruminant feces with MPs across
different continents underscores the extent of this issue: 92%
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of sheep fecal samples in Spain and 93% of goat fecal samples
in Ecuador contained MPs, illustrating the potential for wide-
spread global contamination (Beriot et al. 2021; Gonzalez-
Puetate et al. 2024).

The toxicological impacts of MPs on ruminants are becoming
increasingly evident. In vitro study on goat mammary epithe-
lial cells have demonstrated that PS MPs impaired cell viability,
disrupted cellular structures, and induced oxidative stress and
apoptosis (Wang et al. 2024). In vivo study on sheep fed with
100mg of PS MPs per day for 60days revealed concerning ef-
fects, including liver and kidney swelling, alongside reductions
in blood parameters, like hemoglobin, thrombocrit, and albu-
min levels (Chang et al. 2024). Furthermore, studies have re-
ported the detrimental effects of MPs on reproductive health,
with PS MPs impairing oocyte maturation in cows and sperm
motility in bulls (Grechi et al. 2023; Grechi et al. 2024).

Despite mounting evidence of the negative health impacts of
MPs, there is limited research on their effects on the ruminant
digestive system. Recently, an in vitro study has indicated that
polyethylene terephthalate (PET) MPs in bull ruminal fluid at
concentrations of 10g/L reduced fiber and protein degradability
of hay (Tassone et al. 2024). Another in vitro study demonstrated
that low-density polyethylene (LDPE) MPs in lamb ruminal fluid
at concentrations of 3.3g/L reduced organic matter degradabil-
ity and metabolizable energy from concentrate feed (Tassone
et al. 2025). Similarly, an in vivo study on sheep has shown that
daily ingestion of 100mg of PS MPs decreased the apparent di-
gestibility of fiber and fat in diets (Chang et al. 2024). The negative
effect of PS MPs is attributed to damage to the jejunal epithelium,
reduced rumen papilla length and surface area, and modifica-
tions in rumen microbiota abundance (Chang et al. 2024) while
the adverse impact of LDPE MPs is linked to a reduction in the
rumen protozoa population (Tassone et al. 2025). As a conse-
quence, the ingestion of MPs reduce growth performance, feed
conversion efficiency, and meat quality, as observed in sheep in-
gesting 100mg of PS MPs daily (Chang et al. 2024).

Given the global prevalence of MP contamination in ruminant
feed, it is imperative to explore the impact of different MP poly-
mers on rumen fermentation and feed degradation. This study
hypothesizes that the presence of MPs in feed disrupts ruminal
fermentation and feed degradability, with these effects being de-
pendent on the type of MP polymer and its concentrations. This
study aimed to address these gaps by evaluating the effects of

various MP polymers at different concentrations on rumen fer-
mentation kinetics and feed degradability.

2 | Ethical Approval

The rumen fluid sampling protocol was approved by the Animal
Welfare and Use Committee of the Ethics Committee - National
School of Veterinary Medicine, IACUC, ENMV-Sidi Thabet,
Tunisia (CEEA number - ENMV 35/21: 2021).

3 | Materials and Methods
3.1 | Concentrate and Microplastic Samples

The feed employed in the experiment was the same concen-
trate used in the diet of the rumen fluid donor lambs. The
concentrate was composed of 800 g of barley, 175 g of soybean
meal, and 25g of mineral and vitamin supplement per kg of
dry matter (DM). It was ground into powder using a Retsch
mill (Retsch ZM200, Retsch GmbH, Haan, Germany), sieved
(mesh size 1 mm), and stored in a dark glass bottle in a dry and
cool place until analysis to avoid further uncontrolled envi-
ronmental MP contamination.

DM (AOAC 930.15), crude protein content (AOAC 954.01), and ash
content (AOAC 942.05) were determined according to the methods
of the Association of Official Analytical Chemists (2000). Neutral
detergent fiber (NDF), acid detergent fiber (ADF), and acid deter-
gent lignin were determined according to the methods proposed
by Van Soest et al. (1991), using an ANKOM?220 fiber analyzer
(ANKOM Technology, Macedon, New York, United States).

The ground concentrate was used pure and polluted with three
types of MPs: PET, LDPE, and polyamide (PA) at three differ-
ent doses (0.6%, 1.2%, and 1.8% on a dry weight base of concen-
trate). The lowest dose was used based on the study conducted
by Galyon et al. (2023) on Holstein bull calves fed 2.3 kg of con-
centrate supplemented with 13.65g of LDPE macroplastic. The
concentrate without MP addition was regarded as a control sim-
ilar to the study conducted by Galyon et al. (2023).

The pictures of the MP powders were taken with a stereomicro-
scope (Nikon H550S, Japan), as shown in Figure 1. MP pow-
ders were provided by an Italian company with the following

FIGURE1 | Stereomicroscope pictures of the microplastics used in the experiment.
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characteristics: PET with an average density of 1.38g/cm? and
average size of 522 um; LDPE with an average density of 0.918 g/
cm? and average size of 643 um; and PA with an average density
of 1.14g/cm3 and average size of 993 um. The distribution of the
dimensions of the three types of MPs is illustrated in Figure 2
based on data provided by the company.

3.2 | InVitro Rumen Fermentation

Rumen fluid was collected from five male lambs of Queue
Fine de 1'Ouest, aged 9months and weighing 30kg. These
lambs were fed 0.6kg of oat hay and 0.3kg of concentrate,
the chemical composition of which is shown in Table 1 and
had free access to fresh water. Rumen fluid was collected be-
fore the morning meal using a rubber stomach tube inserted
into the rumen through the esophagus and a hand pump ac-
cording to the protocol described by Muizelaar et al. (2020).
The rumen fluid sampling protocol was approved by the
Animal Welfare and Use Committee of the Ethics Committee
- National School of Veterinary Medicine, IACUC, ENMV-Sidi
Thabet, Tunisia (CEEA number - ENMYV 35/21: 2021). Rumen
fluid samples were immediately filtered through four layers
of cheesecloth at 39°C under continuous flushing with car-
bon dioxide (CO,). The filtered rumen fluid was mixed in a 1:2
ratio (V:V) with buffer solution under constant rinsing with
CO,. The buffer solution was freshly prepared according to
the method described by Menke and Steingass (1988). It con-
sisted of macromineral, micromineral, resazurin solution, and
distilled water.
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FIGURE 2 | Particle size distribution of each microplastics polymer
used in the experiment based on particle counts.

TABLE1 | Chemical composition of lamb diet (g/kg dry matter).

Item Concentrate Oat hay
Dry matter® 911 904
Ash 41 80
Crude protein 161 80
Neutral detergent fiber 131 530
Acid detergent fiber 32 350
Acid detergent lignin 8 77

2Dry matter on g/kg fresh matter.

Two hundred milligrams of control concentrate samples and
concentrate with the appropriate dose and type of MPs were
weighed in triplicate into black glass serum bottles of 120 mL
capacity. This process was carried out with utmost precision
to ensure the accurate incorporation of the desired level of MP
contamination in each serum bottle. Each bottle was then in-
oculated with 30 mL of buffered rumen fluid (20 mL of buffer
and 10 mL of rumen fluid), resulting in a total of 30 bottles. In
addition, three serum bottles with only buffered rumen fluid
were used as blanks to determine gas production from the
buffered rumen inoculum. Additionally, three serum bottles
containing 200 mg of LDPE with buffered rumen fluid, three
serum bottles containing 200 mg of PET with buffered rumen
fluid, and three serum bottles containing 200 mg of PA with
buffered rumen fluid were used to determine gas production
from the MPs alone.

All bottles were immediately sealed with a rubber cap and an
aluminum crimp cap and incubated in a shaking water bath at
39°C and 120rpm for 96h. The gas pressure in the headspace
of each fermentation bottle was measured at 2, 4, 6, 8, 12, 24,
48, 72, and 96 h after incubation by inserting a 23-gauge needle
attached to a pressure transducer (model PX4200-015GI, Omega
Engineering Inc., Laval, QC, Canada) into the rubber stoppers
of the serum bottles. The needles were left on the serum bottles
after the insertion to allow the release of all available gas from
the glass serum bottles.

The recorded gas pressure was converted to the volume of gas
produced at each measuring time, using the equation described
by Jabri et al. (2022):

Gas volume produced = Gas pressure recorded X V; Vi

atm

where gas volume produced is expressed in mL/g DM; gas pres-
sure is recorded in bar; Vfis the volume of the incubation bottle
(mL); Vi is the volume of inoculum added to each bottle (mL);
and P, is the atmospheric pressure (bar).

Three different incubation runs were performed in three con-
secutive weeks.

3.3 | Rumen Activity Evaluation

The influence of MPs on rumen activity was evaluated by mea-
suring: gas production and kinetics and rumen fermentation
profile, as detailed. The experimental design is summarized in
Figure 3.

3.3.1 | Gas Production and Kinetics

The asymptotic gas production (B), the gas production rate (C),
and the onset time of gas production (Lag) were calculated by
fitting the data of the cumulative volume of biogas production
(GP) with an exponential mathematical model according to
France et al. (2000):

GP, =Bx (1 - “t®)
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FIGURE 3 | Summary of the experimental design.

where GP,, is the net gas production (mL/g DM) on the time; ¢
is the incubation time (h); B is the asymptotic gas production
(mL/g DM); C is constant gas production rate (/h); and Lag is
onset time of gas production (h).

The time to half-maximal gas production was calculated as:
Ln2
Tip=—+Ia
1/2 C g

where T, , is the time to half-maximal gas production (hours); C
is constant gas production rate (/hour); and Lag is onset time of
gas production (hours).

The average fermentation rate (AFR) was defined as the average
gas production rate between the start of the incubation and T,
and was calculated as follows:

BxC

AFR= —— =~
2 [In2+C x Lag|

where AFR is the average fermentation rate (mL/h); B is the
asymptotic gas production (mL/g DM); C is the constant gas
production rate (/h); and Lag is the onset time of gas produc-
tion (h).

3.3.2 | Rumen Fermentation Profile

3.3.2.1 | pH. The rumen pH from each bottle was imme-
diately measured at the end of fermentation using a pH meter
(Thermo Scientific Orion Star A221, pH Portable Meter).

3.3.2.2 | Ammonia-Nitrogen. The rumen ammonia-nitrogen
(NH;-N) from each bottle was determined at the end of fer-
mentation. Briefly, 5mL of supernatant from each bottle was
collected and preserved by adding 2mL of 1N H,SO,. NH,-N

was measured using the micro-Kjeldahl method as described
by the Association of Official Analytical Chemists (2000).

3.3.2.3 | Dry Matter Degradability and Organic
Matter Degradability. The DM degradability (DMD)
and the organic matter degradability (OMD) of control con-
centrate and concentrate with MP addition were determined
at the end of fermentation. Briefly, the content of each
serum bottle was filtered using filter paper disks (Whatman
541; Whatman Scientific Ltd, Maidstone, Kent, England),
and the incubation residues were dried overnight at 105°C to
determine the DMD using the formula:

DMD (%) = initial dry matter — residual dry matter % 100
o initial dry matter

Following this, the incubation residues were incinerated at
550°C to determine the OMD using the formula:

initial organic matter — residual organic matter
OMD (%) = — - X 100
initial organic matter

3.3.2.4 | Protozoa Count. The concentration of rumen pro-
tozoa in the rumen fluid was determined at the end of rumen
fermentation according to the protocol of Dehority (1993).
Briefly, 0.5mL of supernatant was collected from each bottle
and mixed with 2mL of physiological methyl green formalin
solution and shaken gently. The mixture was pipetted into a
Levy-Hausser counting chamber (Husser Scientific, Horsham,
Pennsylvania, United States) and the number of rumen protozoa
was counted under light microscopy.

3.3.2.5 | Microbial Efficiency. Microbial efficiency was
determined through the partitioning factor (PF) that was calcu-
lated as the ratio between the degraded DM of the feed after 96 h
of incubation (mg/g DM) to the total gas volume produced from
the feed over the same period (mL/g DM), according to Bliimmel
et al. (1997).
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3.4 | Statistical Analyses

All collected data were analyzed as an augmented 3 X 3 factorial
plus one control design. The statistical model included the fol-
lowing factors: control (concentrate not contaminated), MP type
(LDPE, PET, and PA), MP dose (0.6%, 1.2%, and 1.8% in the con-
centrate), and the interaction between MP type and MP dose in the
concentrate. The analysis was performed using the PROC MIXED
of SAS version 9.1 (SAS Institute, Cary, North Carolina, United
States). For each type of MPs, the linear and quadratic effects of
increasing the dose were evaluated using the polynomial contrast
statement of SAS Institute Inc. Additionally, Tukey's multiple
range test was applied to compare differences between treatment
means. The differences were considered significant when p <0.05.

4 | Results and Discussion

This study revealed significant effects of various MP poly-
mers and concentrations present in lamb feed. Specifically, it

highlighted alterations in rumen gas production kinetics, fer-
mentation profiles, and feed degradability.

4.1 | Gas Production and Kinetics

The contamination of concentrate with various MP polymers
significantly increased gas production during ruminal fermen-
tation, as illustrated in Table 2 and Figure 4. This increase in gas
emissions, particularly at the early stages of fermentation, can be
attributed to high gas emission from MPs (Figure 4). This gas pro-
duction resulted from the hydrolysis of MPs by esterases, lipases,
proteases, and cutinases, enzymes produced by rumen bacteria,
eukaryotes, and archaea. These enzymes lead to the release of
terephthalic acid, mono-2-hydroxyethyl terephthalate, and bis(2-
hydroxyethyl) terephthalate, as demonstrated in the degradation
of PET MPs (Quartinello et al. 2021) as well as degradation of
portions of LDPE and PET MPs (Kaihara et al. 2024). However,
to the best of our knowledge, no information is currently avail-
able regarding the intermediate degradation products of LDPE

TABLE 2 | The impact of microplastic type and dose on gas production kinetics in vitro lamb rumen.
Gas production kinetics
Types MP doses (%) B (mL/g DM) C (/h) Lag (h) T,;, (h) AFR (mL/h)
CcC 0.0 292.5d 0.0702bc 0.77a 10.65a 13.83d
CC+PET 0.6 306.7¢c 0.0734ab 0.55ab 10.02abc 15.43c
1.2 311.9bc 0.0719abc 0.38bc 10.04abc 15.61ab
1.8 309.7bc 0.0711bc 0.26bc 10.06abc 15.51c
CC+LDPE 0.6 328.9ab 0.0697bc 0.38bc 10.37ab 15.99abc
1.2 322.9ab 0.0738ab 0.23bc 9.63cd 16.80a
1.8 335.2a 0.0687c 0.35bc 10.51ab 16.20abc
CC+PA 0.6 300.9dc 0.0736ab 0.39bc 9.82bcd 15.34¢
1.2 304.5dc 0.0710bc 0.29bc 10.10abc 15.18¢
1.8 307.7¢c 0.0753a 0.09d 9.31d 16.56ab
CC+PET Linear 0.672 0.756 0.004 0.903 0.920
Quadratic 0.556 0.676 0.734 0.995 0.841
CC+LDPE Linear 0.518 0.651 0.759 0.735 0.830
Quadratic 0.277 0.026 0.153 0.035 0.398
CC+PA Linear 0.365 0.349 0.002 0.440 0.046
Quadratic 0.976 0.053 0.563 0.017 0.167
SEM 8.60 0.0029 0.247 0.424 0.701
p value CCvs CC + MPs? 0.002 0.257 <0.001 0.013 0.001
Type <0.001 0.110 0.041 0.093 0.192
Dose 0.472 0.876 < 0.001 0.745 0.562
Type X dose 0.748 0.026 0.116 0.183 0.489

Values within column with no common letters (a-d) differ significantly (p value < 0.05).
Abbreviations: AFR, average fermentation rate; B, asymptotic gas production; C, constant gas production rate; CC, concentrate; DM, dry matter; Lag, onset time of
rumen gas production; LDPE, low-density polyethylene; MPs, microplastics; PA, polyamide; PET, polyethylene terephthalate; SEM, standard error of the mean; T, ,,

time to half-maximal gas production.

2Contrasts comparing control concentrate vs. all concentrates contaminated with MPs.
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FIGURE4 | The impact of microplastic type and dose on gas production during in vitro rumen concentrate fermentation.

and PA in the ruminal environment, nor the specific gas produc-
tion profiles associated with the ruminal degradation of MPs. In
soil under anaerobic conditions, previous studies have shown
that microbial degradation of various MP polymers leads to the
production of methane and CO, (Li et al. 2024) and recent meta-
analysis demonstrated that soil contamination with different MP
polymers also leads to increased gas emissions (Igbal et al. 2024).
Despite the differences conditions between the soil and rumen,
these findings point to the possibility that the effect of MPs may
follow similar mechanisms in both environments.

The current study further demonstrated that the impact of
MPs on the gas formation process in the rumen is closely
linked to the specific type of MPs. Concentrates contami-
nated with LDPE produced more gas compared to those with
PA or PET (Figure 4). At the highest dose (1.8%), gas produc-
tion from LDPE-contaminated concentrate was 15% higher
than the control, while the increases for PET and PA were 6%
and 5%, respectively (Table 2). The differential effect of vari-
ous MP polymers on gas formation can be attributed to their
distinct chemical composition and physical structure. To the
best of our knowledge, no previous studies have evaluated
the effect of different types of MPs on ruminal gas emissions.
In contrast, studies conducted in other ecosystems, partic-
ularly in soil, have demonstrated that the impact of MPs on
gas emissions is highly dependent on the polymer type (Igbal
et al. 2024). However, increasing the dose of MPs did not fur-
ther influence gas formation in the rumen.

The presence of MPs also significantly increased the AFR. At
the highest MP concentration, the AFR increased by 20% for
PA, 18% for LDPE, and 13% for PET compared to the control
(Table 2). However, neither the type nor the dose of MPs ap-
peared to significantly affect the AFR, indicating that while
MPs accelerated fermentation, this effect might not scale with
polymer concentration.

This acceleration in the AFR was accompanied by a substantial
reduction in the Lag time before gas production. At the highest MP
dose, the Lag time decreased from 0.77h in the control to 0.35, 0.26,
and 0.09 h for the concentrates contaminated with LDPE, PET, and
PA, respectively (Table 2). The reduction in the Lag time was more
pronounced with higher concentrations of PET and PA, indicating
a linear relationship between these MPs and the acceleration of
fermentation onset. This effect can be explained by MPs may act as
nucleation sites for gas bubble formation, further promoting early
gas production during fermentation (Nuelle et al. 2014). Moreover,
MPs may attract decomposing bacteria, indirectly promoting gas
formation as proved in soil study (Bian et al. 2022).

4.2 | Rumen Fermentation Profile

Results of rumen fermentation profile are presented in Table 3.

421 | pH

Throughout the experiment, the rumen pH remained steady at
an average of 6.5. Despite the influence of MPs on rumen fer-
mentation and concentrate degradability, there was no discern-
ible impact on the rumen pH. A similar trend was found in an
in vivo study on lambs ingested PS MPs at 100 mg/day (Chang
et al. 2024). These results from different MP polymers reinforce
the idea that MPs do not appear to modify rumen pH.

4.2.2 | Ammonia-Nitrogen Concentration

Quantification of NH,-N concentration holds significant impor-
tance as it serves as a key indicator of nitrogen utilization effi-
ciency (Benetel et al. 2022). In this context, our study showed
that concentrate contaminated with MPs led to an increase in
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TABLE 3 | The impact of microplastic type and dose on rumen fermentation profile in vitro lamb rumen.
Rumen fermentation profile
NH,-N Protozoa
Type MP doses (%) pH (mg/100mL) OMD (mg/g) DMD (mg/g) (105/mL) PF
CcC 0.0 6.54 24.90d 721.2a 671.9a 4.38a 2.272a
CC+PET 0.6 6.56 25.51bcd 712.1ab 666.8ab 4.18abc 2.164b
1.2 6.56 25.70bc 697.7bc 652.7bc 4.24ab 2.077cde
1.8 6.53 26.56bc 688.3c 644.4c 3.87cd 2.057de
CC+LDPE 0.6 6.55 25.60bcd 717.4a 672.6a 4.16abc 2.044e
1.2 6.54 26.84ab 699.4bc 655.9bc 3.92bcd 2.032e
1.8 6.53 2791a 685.1c 641.8¢ 3.66d 1.908f
CC+PA 0.6 6.54 25.01cd 705.0ab 661.4ab 4.23ab 2.182b
1.2 6.53 25.29bcd 699.2bc 655.9bc 4.20abc 2.135bc
1.8 6.52 26.32bc 696.1bc 652.1bc 3.81d 2.117bcd
CC+PET Linear 0.322 0.092 0.014 0.022 0.002 0.006
Quadratic 0.847 0.770 0.645 0.713 0.551 0.291
CC+LDPE Linear 0.452 0.044 0.005 0.006 < 0.0001 0.001
Quadratic 0.876 0.880 0.886 0.885 0.651 0.079
CC+PA Linear 0.432 0.050 0.251 0.251 0.001 0.041
Quadratic 0.782 0.760 0.898 0.898 0.743 0.585
SEM 0.034 1.035 9.98 10.64 0.240 0.0461
p value CCvs CC + MPs? 0.771 <0.001 0.046 0.028 < 0.0001 <0.001
Type 0.851 0.191 0.942 0.709 0.04 <0.001
Dose 0.445 0.047 < 0.0001 < 0.001 < 0.001 < 0.001
Type X dose 0.667 0.331 0.564 0.587 0.501 0.129

Values within column and type with no common letters (a—f) differ significantly (p value < 0.05).

Abbreviations: CC, concentrate; DMD, dry matter degradability; LDPE, low-density polyethylene; MPs, microplastics; NH;-N, rumen ammonia-nitrogen on
mg/100mL; OMD, organic matter degradability; PA, polyamide; PET, polyethylene terephthalate; PF, partition factor on mg degraded dry matter of the feed after 96h
of incubation/mL gas produced from the feed after 96 h of incubation; pH, rumen pH; SEM, standard error of the mean.

2Contrasts comparing control concentrate vs. all concentrates contaminated with MPs.

concentration of NH,-N during rumen fermentation (Table 3).
However, no significant differences were observed between the
types of MPs. The effect on NH,-N concentration was related
to the level of MPs, showing a significant linear increase with
higher levels of LDPE and a similar trend for PET and PA. At the
highest dose of contamination (1.8%) by LDPE, PET, and PA,
the NH,-N in the rumen environment increased by 12.1%, 6.7%,
and 5.7%, respectively, compared to control concentrate.

This disruption of the nitrogen utilization pathway negatively
impacts animal nutrition by increasing nitrogen wastage as
well as decreasing ruminant performance and thus impair-
ing environmental sustainability through ecological problems
(Al-Marzoogqi et al. 2021).

The presence of MPs led to a significant reduction in rumen
protozoa with a linear relationship observed as MP levels in-
creased, particularly pronounced for LDPE (Table 3). Although
such reductions are typically associated with lower NH;-N

concentrations (Spanghero et al. 2022), this was not observed
in our study where NH;-N increased. This discrepancy suggests
that the impact of MPs may selectively reduce certain rumen
protozoa species responsible for decreasing NH,-N levels such
as Isotricha spp. and holotrich Dasytricha that have a high ca-
pacity to reduce ruminal NH,-N levels (Jouany 1996). Similarly,
studies conducted in other ecosystems, particularly in compost,
have demonstrated that the presence of polyethylene MPs at a
concentration of 0.5% in compost increased NH,-N emissions
(Sun et al. 2020). However, Chang et al. (2024) found that in-
gestion of PS MPs lowered lamb rumen NH;-N concentrations,
highlighting the polymer-specific nature of these effects.

4.2.3 | Dry Matter Degradability, Organic Matter
Degradability, and Protozoa

In contrast to gas production, the presence of MPs in the con-
centrate feed decreased both DMD and OMD of the concentrate.
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A similar inverse relationship between gas production and feed
degradation was noted with the inclusion of essential oils from
marjoram and basil as rumen additives (Selim et al. 2021). The
negative impact of MPs on degradability aligns with findings
by Chang et al. (2024) who demonstrated that the ingestion
of PS MPs lowered the apparent dry matter digestibility of
lambs’ diets. In our study, the increase in the levels of LDPE
and PET MPs in the concentrate caused a linear decrease in
both DMD and OMD. Specifically, DMD dropped by 4.5%,
4.1%, and 3.0%, and OMD by 5.0%, 4.6%, and 3.5% for the con-
centrates contaminated with high level of LDPE, PET, and PA,
respectively, compared to the control (Table 3). However, the
type of MP polymer did not have a significant effect on either
DMD or OMD. This decline in ruminal degradability could be
attributed to several factors, including the low ruminal deg-
radation capacity to degrade MPs, with less than 1% degrada-
tion observed for LDPE and PET MPs in buffered rumen fluid
(Kaihara et al. 2024), the release of toxic compounds from MPs
in the rumen environment (Liao and Yang 2022), the alter-
ation of ruminal microbiota composition (Chang et al. 2024),
and a reduction of protozoa in the rumen as noted in Table 3
. Similarly, a previous study conducted in other ecosystems by
Zhang et al. (2021) demonstrated that MPs reduced the growth,
abundance, body size, and biomass of marine protozoa in ma-
rine ecosystems, which may suggest that a similar mechanism
could be at play in the rumen environment, further impairing
digestibility.

4.2.4 | Microbial Efficiency

The PF, defined as the ratio of dry decomposition to total gas
production, serves as a valuable indicator of microbial efficiency
(Blimmel et al. 1997). In the present study, it was evident that
the inclusion of MPs in concentrate lowered microbial efficiency.
Notably, LDPE had more pronounced adverse effects, resulting in
a 16.0% reduction in PF at the highest contamination dose (1.8%).
Furthermore, the negative impact of MPs on microbial efficiency
was intensified in a dose-dependent manner, following a linear
trend across all types of MPs tested. This reduction in microbial
efficiency hinders animals to effectively extract nutrients from the
feed, ultimately decreasing animal productivity and profitability
for ruminant producers. Additionally, diminished microbial ef-
ficiency can lead to digestive disorders and metabolic issues in
ruminants such as incomplete feed fermentation in the rumen.
This inefficiency not only increases gas emissions per unit of de-
graded feed but also results in greater nutrient loss through faces,
contributing to environmental pollution (Bliimmel et al. 2003).
Similarly, a previous study conducted in other ecosystems by Sun
et al. (2020) reported that the presence of polyethylene MPs at a
concentration of 0.5% negatively impacted compost quality by re-
duced organic matter degradability and elevating gas emissions.
These parallel results highlight the broader ecological risks asso-
ciated with MPs.

Lamb rumen activity is significantly impaired by the presence
of microplastics (LDPE, PET, and PA) in concentrate feed at
concentrations of 0.6%, 1.2%, and 1.8%. Future research should
prioritize developing effective strategies to reduce microplas-
tic contamination in animal feeds, with special emphasis on

limiting LDPE, which is widely used throughout agricultural
operations.
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