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A B S T R A C T

This study presents a case study of a novel early-warning system for detecting enteric dysbiosis in broiler 
chickens using Volatile Organic Compounds (VOCs) analysis. The system combines metal oxide semiconductor 
(MOS) sensors with PCA–KNN algorithms to identify metabolic air-profile changes associated with enteric dis
eases. Field validation was conducted in two broiler houses in Northern Italy using oocyst counts as the diag
nostic gold standard. The monitoring system issued alerts up to four days before clinical signs appeared, enabling 
timely intervention with organic acids instead of antibiotics. Early treatment reduced mortality, maintained feed 
conversion efficiency, and preserved antibiotic-free certification. The model achieved over 80% accuracy in early 
detection, while organic acid intervention (€88) was substantially more cost-effective than antibiotic treatment 
(€180). Overall, this technology offers a non-invasive, real-time tool to support antimicrobial reduction strategies 
in poultry production, aligning with EU objectives to minimize antibiotic use. Limitations of the study include 
reliance on oocyst count alone, and need for IoT connection. Nonetheless, this approach represents a scalable and 
sustainable alternative to antibiotics in broiler production systems.

1. Introduction

In response to the increasing demand for high-quality food, the 
global poultry industry has undergone several changes, including ad
vancements in farm management, genetics, and feed formulation. 
Among these, genetic selection played a key role, resulting in fast- 
growing birds with better feed conversion ratio (FCR) and higher meat 
yields [1]. Because gut health is closely linked to mortality rates and 
overall performance, maintaining optimal intestinal integrity has 
become a major priority for modern poultry production [2]. Intestinal 
disorders negatively affect broiler chickens' performance by causing 
higher morbidity and mortality, a reduced body weight gain, a poor 
FCR, increasing costs for farmers [2,3]. These disorders may arise from 
bacteria, viruses, or parasites (individually or in synergy), and can be 
exacerbated by suboptimal management or environmental conditions. 
Among enteric pathogens, Clostridium perfringens is an anaerobic, spore 
forming enteric pathogen recognized as the primary causative agent of 
clinical and subclinical enteric disease in chickens. The most severe 

clinical form of enteric disease is necrotic enteritis (NE), a disease driven 
by rapid bacterial proliferation and toxin release in the gastrointestinal 
tract. The NE is characterized by a distended and fragile intestine, with 
necrosis of the intestinal mucosa typically covered by a yellow to light 
brown pseudomembrane. The clinical form of NE is associated with 
substantial economic losses, whereas the subclinical form significantly 
negatively affects growth performance in chickens by causing extensive 
damage to the intestinal epithelium [4].

One of the main predisposing factors for NE is coccidiosis, a parasitic 
disease caused by protozoa of the family Eimeriidae, which are wide
spread in poultry houses [5]. Coccidiosis-induced damage to the intes
tinal epithelium increases gut permeability and facilitates secondary 
infections [6]. Intestinal infections associated with clinical or subclinical 
coccidiosis can significantly promote the proliferation of C. perfringens 
[4].

Control strategies for coccidiosis rely mainly on the use of anti
coccidial drugs (coccidiostats) and vaccination. Coccidiostats are vet
erinary medicines used to treat and prevent coccidiosis [7]. However, 
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their efficacy has been increasingly compromised by the development of 
drug resistance [8]. According to the Regulation (EC) No 1831/2003 [9] 
coccidiostats differ from antibiotics due to their specific mode of action 
on parasites rather than intestinal microbiota. However, both ionophore 
and synthetic coccidiostats may lose efficacy over time [10], due to the 
development of drug resistance [8]. Vaccination with live Eimeria oo
cysts represent an alternative control strategy, although its effectiveness 
may be limited by strain specificity and the need for adequate parasite 
exposure in the litter to introduce full protective immunity. In addition, 
vaccines can be costly and may show inconsistent efficacy under field 
conditions [8,11]. In the past, sub‑therapeutic doses of antibiotics were 
widely used as growth promoters (AGPs), supporting digestive effi
ciency, nutrient absorption, and microbiota stability [12]. However, 
extensive AGP usage has contributed to the emergence of anti
biotic‑resistant bacteria, raising major public health concerns [13].

Antimicrobial resistance (AMR) is now considered one of the leading 
global health threats. A recent study reported that AMR prevalence 
continues to rise, a trend further intensified by the COVID‑19 pandemic 
[14]. Despite reductions in veterinary antibiotic use across the EU since 
2014, coordinated One Health strategies remain essential to curb AMR 
spread in humans, animals, and the environment (Fig. 1) [15,16]. 
Similarly, the extensive use of anticoccidial drugs in poultry production 
has led to the development of drug resistance in Eimeria species, high
lighting the urgent need for alternative control strategies such as 
vaccination and non-antibiotic approaches [6].

In response to these challenges, the European Union prohibited the 
use of antibiotics as growth promoters from 1 January 2006, in accor
dance with Regulation (EC) No 1831/2003 [9]. In addition, the Regu
lation (EU) 2024/1973 was published with the aim of strengthening the 
control over the use of antimicrobials in veterinary medicine [17]. This 
approach involves the use of antibiotics only in specific cases, and other 
treatment options have been ruled out. Under these regulatory con
straints, prevention and early diagnosis have become crucial. 

Biosecurity, environmental management, and nutritional strategies can 
support gut health [18,19]. In this context, feed additives such as pre
biotics, probiotics, essential oils, organic acids, and enzymes have 
emerged as promising alternatives to antibiotics, contributing to the 
maintenance of intestinal microbial balance and supporting animal 
performance. These additives have shown beneficial effects on gut tax
onomy, immune modulation, inflammatory processes and intestinal 
morphology, while limiting the colonization of pathogenic bacteria. In 
particular, their beneficial effects are associated with their ability to 
modulate the intestinal microbiota, promote the growth of beneficial 
bacterial populations, and enhance digestive efficiency, ultimately 
resulting in improved performance [2,20].

Despite their potential, the widespread adoption of these alternatives 
is hindered by high costs, management complexity, and an indirect 
mechanism of action that limits their efficacy in treating acute infections 
compared to direct action of antibiotics, as their implementation in 
commercial poultry systems is strongly influenced by economic con
straints, product availability, and farm management practices. 
Furthermore, their performance is highly influenced by animal-specific 
and environmental factors, including species, age, health status, and 
farm management [20], suggesting that the prophylactic administration 
would be an optimal strategy.

Diagnostic methods for enteric diseases are traditionally invasive, 
post‑mortem, and slow. Histopathology, bacteriology, necropsy, and PCR 
can require up to 8 days and are costly (€200–400 per case), allowing 
disease progression across entire flocks of 20,000–40,000 birds [21–23]. 
Although molecular tools and microbiome sequencing have improved 
pathogen characterization [24], these methods still require animal 
sacrifice and cannot support real‑time decision‑making. Consequently, 
there is a growing need for rapid and non‑invasive tools able to detect 
early intestinal dysbiosis before clinical signs appear [25]. In this 
context, recent studies suggest that endogenous metabolic alterations 
and host–pathogen interactions influence the profile of volatile organic 
compounds (VOCs) emitted from animals [26]. VOC analysis has been 
explored as a diagnostic strategy in livestock and human medicine [27], 
and in poultry it has mainly been used to assess air quality inside houses 
[28]. Furthermore, MOS-based gas sensing systems allow real-time, 
non-invasive monitoring of VOC emissions, with changes in sensor 
resistance closely correlated with microbial proliferation and metabolic 
processes, thereby enabling early detection of biological alterations 
before visible signs of deterioration appear. Moreover, these sensors 
demonstrate high sensitivity and reliability through gas adsorption–in
duced changes in electrical resistance, supporting their application in 
environmental, food, and biological monitoring systems [29–32]. 
However, their potential for detecting enteric diseases in broilers re
mains unexplored.

Given the limitations of current diagnostic approaches and the 
increasing pressure to reduce antibiotic use, there is a clear need for 
innovative, non‑invasive, and real‑time monitoring tools capable of 
identifying early alterations in gut health before clinical signs emerge. 
So, the aim of this case study was to evaluate a novel technology for the 
early detection of enteric dysbiosis in a poultry farm by monitoring 
variations in VOCs, prior to the onset of clinical signs. Specifically, the 
authors aimed to determine whether an early warning system for enteric 
dysbiosis could reduce the use of antibiotics by enabling timely inter
vention with organic acids instead, thereby improving economic benefit.

2. Materials and methods

2.1. Birds and housing

This case study was conducted in a poultry farm located in Northern 
Italy. It consisted of two sheds (120 m long by 12 m wide, each shed 
covering 1440 m2), equipped with forced ventilation by negative- 
pressure systems and wood shavings as litter. A total of 20.660 fast- 
growing broiler chicken ROSS 308 (mixed sexes) were reared in each 

Fig. 1. Schematic overview of the One Health approach to antimicrobial 
resistance (AMR). The model highlights the interconnected nature of human, 
animal, and environmental health, emphasizing their collective contribution to 
the selection, amplification, and transmission of antimicrobial-resistant 
microorganisms.

F. Borgonovo et al.                                                                                                                                                                                                                             Smart Agricultural Technology 14 (2026) 102156 

2 



shed at the stocking density of 33 kg/m2 [33]. Feed and water were 
provided ad libitum. A nutritional program was followed as standard 
practice, in accordance with the guidelines of the hybrid [34]: starter 
phase from day 1 to 10, grower phase from day 11 to 28, and finisher 
phase from day 29 until the end of the cycle. Broilers received standard 
hatchery vaccination during the incubation phase. Acidified drinking 
water containing formic and propionic acids was provided ad libitum 
from day 18 to day 22. The schedule of vaccination and supportive 
treatment in broilers is summarized in Table 1

Environmental parameters (temperature, relative humidity, and 
ventilation rate) were automatically regulated according to the ROSS 
308 management guidelines, under a standard 16L:8D lighting pro
gramme [34]. Climate control in the sheds was completely automated, 
and climate variables were continuously monitored (24/7), including 
indoor air temperature and relative humidity. The calibrated sensors for 
relative humidity (RHM.2-RHO/2 Sensor) and air temperature (SF.7 
Temp Sensor) were installed by Fancom BV. Raw data were recorded 
every 10 min, resulting in a total of 5705 observations, and were 
collected using FarmManager (Fancom BV, Panningen, The 
Netherlands), then automatically uploaded and stored on an online data 
server. Wet-bulb temperature was subsequently calculated using Stull 
Formula [35]. Table 2 reports the mean (± SD) environmental param
eters over the entire production cycle in the two sheds, including 
dry-bulb temperature and relative humidity, as well as the wet-bulb 
temperature. The temperature–humidity index (THI) was calculated as 
THIbroilers = 0.85 Tdb + 0.15 Twb

2.2. Performance

Feed conversion ratio (FCR) and the total mortality rate were 
assessed throughout the production cycle. Instead, average body weight 
at slaughter (aBW), carcass rejections rate, and dead-on-arrival (DOA) 
birds were recorded at the thinning (32 days of age) and at the end of the 
cycle.

2.3. Installation of the new technology and VOCs analysis

The new technology tested consisted in an integrated IoT device 
protected by patented technology (International Publication Number: 
WO2017/212,437). The validation of this technology was based on the 
oocyst count, used as gold standard [36].

The device operates measures VOCs with semiconductor metal oxide 
gas sensors (MOS), and through of a mathematical model it is capable to 
detect the variation of chemical composition in the air. MOS sensors 
react to the presence of different VOCs by changing their resistance, 
which is then converted in a voltage through a voltage divider and 
converted into a digital measure by an ADC (Analog to Digital Con
verter) sampled every 10 min. The resulting measure is correlated with 
the concentration of different volatile compounds in the air [37]. This 
sensing principle is based on gas adsorption processes occurring at the 
sensor surface, which induce measurable changes in electrical resistance 
and have been shown to correlate with microbial activity and VOC 
emissions in real-time monitoring applications [38]. The timeseries 
resulting from the measurements of six different VOCs sensors are then 
fed to a processing pipeline capable of detecting variations associated to 
environmental changes. The mathematical model was trained to corre
late environmental changes to the potential presence of intestinal 

disorders in poultry farms at early stage, when the pathology is not 
evident yet. Deeper understanding of these variations should be facili
tating the veterinarian in the development of effective disease-control 
measures to treat. Enteric disorders, outlined by the system and asso
ciated with VOCs, could be both of a pathological (viral or bacterial 
agents and parasites) and metabolic (feed, management practices, and 
environmental factors) origin.

The device was installed in both sheds and placed in the middle of 
each building (Fig. 2), 80–90 cm above the floor.

2.4. Data collected

Faeces samples were weekly collected in five different zones of each 
shed (Fig. 2) to perform the count in laboratory with the Mc Master 
chamber method expressed in oocysts per gram of faeces (OPG) [39]. 
This number was used by the algorithm as the basis for classification of 
VOCs measurements over time. More precisely, previous studies 
[40–42] have demonstrated 1000 oocyst per gram can be defined as the 
threshold value that may allow the veterinarian to intervene with 
alternative products upon receiving an alert. Considering this threshold, 
the prediction approach has been simplified from a continuous domain 
to a discrete classification problem.

2.5. The predictive model and data processing analysis

Several key methods have been adopted in the processing chain to 
maximize the prediction capabilities of the overall system. First of all, 
temperature and humidity compensation have been applied to raw data 
to account for the conditions in different farms and the daily and sea
sonal throughout the whole broiler production cycle (Fig. 3). Compen
sated data is then normalized based on the measures of the first 3–5 days 
of the farming cycle and detrended to account for the periodic daily 
variations by considering sliding windows of 24-hours. On such win
dows, a set of six features is extracted for each sensor every 60 min, 
obtaining a total of 36 features (Fig. 4).

Features are then reduced using PCA (Principal Component Analysis) 
to an orthonormal set of 7 components explaining 98 % of the variance 
of the model. The dataset used consists of 22,286 datapoints (approxi
mately 600–700 data points per farming cycle), partitioned in a training 
set consisting of 80 % of the data and a test set consisting of the 
remaining 20 %. Several binary (critical/non-critical) classifiers have 

Table 1 
Schedule of vaccination and treatment in broilers.

Intervention Timing Details

Standard hatchery 
vaccination

Hatchery ​

Formic + Propionic acids Days 
18–22

Provided ad libitum via drinking 
water

Table 2 
Environmental parameters in the two sheds.

SHEDS Tdb ( ◦C) RH ( %) Twb ( ◦C) THI ( ◦C)a

1 25.6 ± 2.76 67.4 ± 5.09 21.5 24.99
2 25.4 ± 2.81 67.5 ± 5,16 21 24.7

a THIbroilers = 0.85 Tdb + 0.15 Twb 
Tdb = dry-bulb temperature, ◦C 
Twb = wet-bulb temperature, ◦C.

Fig. 2. Device installation and the five-sampling zone (1–5).
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been trained (trees, random forest, KNN, linear SVM, logistic regression, 
neural networks) and the best performance was obtained with a KNN 
classifier, which achieved an accuracy of 82.7 % (see confusion matrix 
Table 3) [43].

The model shows good overall performance, with solid accuracy 
(82.7 % on the test set and test, 90.0 % on the training set) and balanced 
precision–recall behaviour, as the F1 score indicates (Tab 4). General
ization capability is acceptable, though performance drops from training 
to test (especially sensitivity), suggesting mild overfitting, which mainly 
depends on the imbalance between the size of critical and non-critical 
sets. Finally, the low FPR (~8 %) and high specificity (~0.92) 

indicate few false alarms, but the higher FNR (~30 %) means some 
positives are still being missed. Analysing the predictions over time for 
the different farming cycles, though, it can be observed that in most of 
the cases, the overall effect is a delay in the prediction of a critical sit
uation. On the other hand, spurious false positives have been mitigated 
by filtering the raw prediction of the KNN classifier through a deter
ministic finite state machine.

The model shows good overall performance, with solid accuracy 
(82.7 % on the test set and test, 90.0 % on the training set) and balanced 
precision–recall behaviour, as the F1 score indicates. Generalization 

Fig. 3. Trend of MOS sensors activity during the whole broiler production cycle monitored. (a) Raw data; (b, c) Temperature and humidity compensation applied to 
raw data.

Fig. 4. Example illustrating the extraction of six features for two MOS sensors.

Table 3 
Confusion matrix.

Prediction

​ ​ True False
Actual True 28.9 % 

(1010)
12.3 % 
(429)

False 5.0 % 
(173)

53.8 % 
(1879)

Table 4 
Statistical characterization of the results.

Index Value Confidence interval (95 %)

Sensitivity 0.702 0.677 – 0.725
Specificity 0.916 0.903 – 0.927
Precision 0.854 0.832 – 0.073
False Positive Rate 0.084 0.073 – 0.097
False Negative Rate 0.298 0.275 – 0.322
F1 Score 0.770 N/A
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capability is acceptable, though performance drops from training to test 
(especially sensitivity), suggesting mild overfitting, which mainly de
pends on the imbalance between the size of critical and non-critical sets. 
Finally, the low FPR (~8 %) and high specificity (~0.92) indicate few 
false alarms, but the higher FNR (~30 %) means some positives are still 
being missed. Analysing the predictions over time for the different 
farming cycles, though, it can be observed that in most of the cases, the 
overall effect is a delay in the prediction of a critical situation. On the 
other hand, spurious false positives have been mitigated by filtering the 
raw prediction of the KNN classifier through a deterministic finite state 
machine.

Such alerts are finally filtered through a deterministic finite state 
machine with the goal of minimizing spurious alerts. Alerts (Fig. 5) are 
shown on the system dashboard and notified via email or SMS to the 
farmer.

3. Results and discussion

3.1. Performance

The performance, collected at the slaughterhouse, was similar in the 
two sheds: mortality rate was pointed at 4.88 % and the overall FCR of 
1.60. In Table 5 are reported at day 32 (thinning) and 46 (end of the 
cycle) the aBW, the carcass rejection rate, and the DOA, although was 
not possible to performe a statistical analysis, due to the lack of standard 
deviation, the differences between the two sheds for the carcass re
jections at the thinning period were 25 % higher in shed 2 compared to 
shed 1.

The performance results observed in both sheds were consistent with 
those typically recorded in this farm under disease‑free conditions. The 
average body weight (aBW) at 32 days was 1.60 kg in Shed 1 and 1.56 kg 
in Shed 2, increasing to 2.7 kg at final slaughter in both sheds, which 
aligns with expected growth curves for ROSS 308 hybrids [34]. These 
values indicate that the treatment allowed to not compromise growth 
performance in a substantial way. Carcass rejection rates remained low 
at both thinning and final slaughter, suggesting that the prompt treat
ment succeeded in minimising the side effects of the enteric challenge. 
Such values fall well within the normal variability of commercial 
slaughterhouse and are typically observed when enteric lesions remain 
mild or are managed early, preventing progression to severe necrotic 
forms [21]. The DOA values reported are also compatible with standard 
commercial ranges and likely reflect common pre‑transport and 
handling stressors rather than acute pathology [25]. The total mortality 
recorded across the production cycle (4.88 %) remained below the 5 % 
threshold generally considered acceptable in intensive broiler produc
tion systems [44]. The maintenance of mortality within physiological 
limits suggests that the enteric dysbiosis did not evolve into a clinically 
severe outbreak, likely due to the timely intervention with organic acids 
in water applied after the early warning. Similarly, the final FCR of 1.60 
reflects good feed efficiency, especially considering that the final body 
weight reached 2.7 kg. Enteric diseases are well known to impair 
nutrient absorption and increase feed conversion due to villus damage 
and lower digestive efficiency [2,21]. The preservation of a competitive 
FCR, even during a confirmed enteric challenge, supports the interpre
tation that early intervention contributed to stabilize intestinal 

functionality before performance impairment became evident. Overall, 
the consistency of growth performance, low carcass rejection rates, 
acceptable mortality, and preserved feed efficiency indicate that the 
enteric imbalance detected by the sensor system did not translate into 
severe production losses thanks to the prompt intervention with the 
organic acids.

3.2. Data analysis and prediction plot calculated by the algorithm

The device installed in shed 2 had an early warning at day 14. 
Following the early warning, an inspection was conducted by the 
veterinarian that did not observe any clinical symptoms, but he collected 
faecal samples and carried out post-mortem examinations on the dead 
animals.

Following the alert at day 14, daily mortality increased to approxi
mately 30 birds in shed 2. The veterinarian, in agreement with the au
thors, although at that time no overt clinical signs of pathology were 
observed, decided to intervene in both sheds by administering from the 
18th day to the 22nd day acidified drinking water containing formic and 
propionic acids, aimed at lowering gut pH and creating a less favourable 
environment for pathogens [3].

A week after the start of the acidification treatment, the veterinarian 
lab could confirmed that the deceased birds revealed enteritis, charac
terized by thinning the intestinal membrane. This diagnosis was further 
supported by the detection of Eimeria oocysts in the lab (see Table 3). In 
fact the faecal samples were collected throughout the production cycle 
to monitor the presence and intensity of Eimeria infection, that analysis 
revealed a progressive increase in oocyst shedding over time. In shed 1, a 
rise was observed from the third week, whereas in shed 2 the increase 
began earlier, during the second week. The highest counts were recor
ded in week 3 in both sheds, reaching over 33,000 oocysts/g in shed 1 
and 32,200 oocysts/g in shed 2 (Table 6).

Data collected showed that the device was triggered approximately 
seven days before the highest oocyst levels were recorded (Fig. 5). To 
explain better the time-line of the alert, the oocyst count in the two 
sheds, the day mortality trend, the necroscopy findings and when the 
treatment was administered, is reported in Table 7.

The importance of this time frame lies in the fact that it enables non- 
antibiotic treatment interventions and lowers both health and economic 

Fig. 5. Oocyst count over time in broilers. The black line represents oocyst counts, the red line indicates the threshold level, and the blue line represents the alert 
level. An alert was triggered when oocyst counts exceeded the threshold.

Table 5 
Broiler chickens’ performance.

Performance Thinning End

Shed 1 Shed 2 Shed 1 Shed 2

aBW (kg) 1.6 1.56 2.7 2.7
Carcass rejections ( %) 0.48 0.6 0.8 0.8
DOA (n) 3 3 27 28

Table 6 
Oocyst count (oocysts/g) in the two sheds during the production cycle.

Shed Week 1 Week 2 Week 3 Week 4 Week 5 Week 6

1 600 500 >33,000 23,300 300 0
2 600 3200 32,200 20,000 800 800
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risks. This case study has therefore demonstrated the effectiveness of 
organic acids that can be given after VOCs alert detection as a viable 
alternative to antibiotics, contributing to the reduction in the use of 
antibiotics in livestock farming, in line with AMR mitigation strategies. 
Organic acids can also improve water quality by reducing microbial load 
and promoting intestinal health [45]. The complex interactions among 
gut microbiota, immune responses, and intestinal bacterial metabolic 
wastes are depicted in VOCs. This confirms what was described by 
Martynova-Van Kley et al. [46] reported that Eimeria infections lead to 
microbial fermentation and epithelial degradation, which is likely the 
cause of the VOC variation detected by the sensor system. The results are 
consistent with previous research that connects air composition in 
poultry houses to flock health status [27,47].

3.3. Economic impact of timely intervention

This technology has shown a significant economic benefit by 
reducing mortality, avoiding antibiotic use and preserving compliance 
with antibiotic-free policies, which could prevent a 10–20 % loss in 
profits for poultry farms. Moreover, the early warning enabled prompt 
treatment with organic acids to be started. Timely intervention was 
crucial in this case, as it allowed the farmer to successfully implement 
water acidification and avoid the use of antibiotics. This strategy 
ensured satisfactory health outcomes and resulted in a substantially 
lower treatment cost (see Table 5), highlighting the economic and 
management value of early non-antibiotic intervention. The acidifier 
product used cost €4.40 per litre, and 20 litres were administered over 
the 5-day treatment period, for a total cost of €88. In comparison, an 
antibiotic treatment with amoxicillin would have cost €180. These re
sults emphasize that timely intervention enables effective non-antibiotic 
management while generating substantial cost savings. Early interven
tion improved flock uniformity, reduced feed conversion ratio (FCR), 
and decreased carcass rejections at slaughterhouses. Conversely, non- 
compliance with antibiotic-free requirements could result in an addi
tional 10–20 % loss of profit for poultry farms, while high mortality rates 
translate into a loss of approximately €0.063 per tonne in premium 
payments (Table 8).

This paper presents a case study showing how the economic benefits 
derived from early warning signals underscore the importance of 
prompt intervention. A broader adoption of these devices would allow 
the generation of larger datasets, thereby enabling increasingly robust 
economic evaluations. It is also important to remember that the signif
icance of these findings is amplified by the current economic and reg
ulatory context as Regulations (EC) 1831/2003 [9] and (EU) 2024/1973 
[17] aim to phase out routine antibiotic use in animal production within 
the European Union. By providing actionable and real-time insights, 
technologies such as those used in this case study can serve as key en
ablers of this transition. In contrast to vaccination or coccidiostat in
clusion, which can be costly or lose effectiveness in the future [10,11], 
real-time monitoring systems can adapt to farm-specific conditions 

and are scalable, flexible, and adaptive. The results obtained from this 
case study appear to be promising.

4. Conclusions and implications

The application of VOC-based sensing technologies for the early 
detection of enteric diseases in broiler chickens can be strongly sup
ported by the findings of this case study. This study, even if only a case 
study, demonstrates the effectiveness of a novel VOCs-based monitoring 
system, integrated with signal processing and advanced machine 
learning algorithms, for an early detection of enteric dysbiosis in broiler 
chickens. By capturing air composition changes associated with intes
tinal disorders, the system provided timely alerts up to several days 
before the appearance of clinical symptoms, thereby enabling preven
tive interventions. From a production perspective, these findings indi
cate that the integration of this technology with organic acid 
administration can enhance animal health management and overall 
performance, ensuring production stability while minimizing potential 
losses.

From a production perspective, these findings indicate that the 
integration of this technology with organic acid administration can 
enhance animal health management and overall performance, ensuring 
production stability while minimizing potential losses. This approach 
was associated with reduced mortality, improved feed conversion ratio 
(FCR), maintained flock uniformity, and minimized carcass rejections at 
slaughter in the present paper. Within routine farm management prac
tices, which require rigorous and methodical organization to ensure 
animal welfare, production efficiency, and biosecurity, visual inspection 
represents an essential component of the monitoring activity. In this 
context, the device may serve as a complementary decision-support tool 
by providing continuous and objective early warnings, thereby 

Table 7 
time-aligned of activities carried out over the birds production cycle.

Cycle day Alert Oocyst count Shed 1 Oocyst count Shed 2 Day mortality trend Necroscopsy 
findings

Treatment

7 No Low Low Normal NC NC
14 Yes Low Moderate Normal NC NC
15 Yes NC NC Normal NC NC
18 Yes NC NC Slight increase NC Treatment started
21 Yes High High Slight increase NC Treatment in progress
22 Yes NC NC Slight increase NC Treatment end
24 Yes NC NC Normal Enteritis characterized by thinning the intestinal membrane NC
28 Yes Medium Medium Normal NC NC
35 No Low Low Normal NC NC
42 NO Absent Low Normal NC NC

NC= not carried out.

Table 8 
Economic impact of organic acid vs antibiotic treatment.

Parameter Organic Acid 
Treatment

Antibiotic Treatment 
(Amoxicillin)

Treatment Cost (€) €88 €180
Product Used Acidifiers Amoxicillin
Product Cost per Unit €4.4 / litre €56 / 1000 g
Dosage 20 litres over 5 

days
20 g per 100 litres for 5 days

Total Quantity Used 20 litres Calculated based on flock 
water consumption

Cost Impact on Agistment 
Contract Farmers

​ €0.063 / tonne (due to 
mortality penalties)

Impact on Flock Performance Improved 
uniformity

Not specified

Reduced FCR ​
Fewer carcass 
rejections

​

Profit Loss (Antibiotic-Free 
Label Violation)

None Estimated 10–20 % loss in 
profit
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facilitating more targeted and efficient on-farm interventions.
From an economic perspective, the cost of acid-based intervention 

was significantly lower than that of conventional antibiotic treatments, 
while also preserving the antibiotic-free certification critical for market 
positioning and premium contracts, with farmers cooperation more case 
studies will be performed to strengthen these results. Failure to maintain 
such certification could result in financial losses estimated at 10–20 % 
per production cycle. The use of this technology therefore allows poultry 
producers to benefit in terms of prevention, animal welfare, and eco
nomic performance, and it aligns with the growing regulatory and so
cietal demand to reduce antimicrobial use in livestock. By providing an 
early, non-invasive, and automated diagnostic tool, it supports the 
transition toward more sustainable, precision-based poultry production 
systems.

This case study also presents some limitations, such as the reliance on 
oocyst counts alone, and the need for IoT connection. Nevertheless, the 
approach remains a scalable and sustainable alternative to conventional 
antibiotics, providing an effective tool for early dysbiosis detection, 
improved animal welfare, and enhanced production efficiency in broiler 
systems.
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