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ABSTRACT

Background and Aim: Non-infectious diseases pose a significant but often underrecognized challenge to pig production in
many regions where environmental variability and nutritional issues interact. Armenia offers a unique ecological setting for
studying these diseases due to its pronounced agro-climatic diversity, including steep elevation gradients, varying sunlight
exposure, and region-specific soil mineral deficiencies. These environmental factors may increase the risk of metabolic
imbalances, digestive problems, and toxicoses under typical farm conditions. This study aimed to assess the prevalence,
regional distribution, and ecological factors driving non-infectious diseases in pigs across Armenia's major pig-producing
areas. It also explored how agro-climatic conditions, nutritional deficiencies, and feed-related mycotoxin exposure jointly
influence disease patterns at the population level.

Materials and Methods: A cross-sectional observational study was carried out between 2023 and 2024 on 15 pig farms across
four major Armenian pig-producing regions: Ararat, Armavir, Kotayk, and Syunik. A total of 3,370 pigs from various production
categories were clinically examined. These assessments focused on non-infectious conditions such as metabolic disorders,
digestive diseases, toxicoses, anemia, and musculoskeletal abnormalities, following standardized veterinary diagnostic
guidelines. Blood samples from 40 pigs (10 from each region) were analyzed for hematological and biochemical indicators of
metabolic and mineral status, including calcium (Ca), phosphorus (P), selenium (Se), and vitamin D levels. Feed samples from
each farm were evaluated to determine their basic nutritional composition and screened for major mycotoxins, such as
aflatoxins, zearalenone, and deoxynivalenol. The statistical analysis incorporated descriptive statistics, Pearson chi-square
tests, correlation analysis, and exploratory ecological regression to explore relationships between environmental factors and
disease prevalence.

Results: Overall, 825 pigs (24.4%) showed signs of non-infectious diseases. Regional prevalence ranged from 20.0% in lowland
areas to 33.7% in high-altitude regions. Metabolic disorders and toxicoses made up about 30% of cases, followed by digestive
diseases (20%), with anemia, musculoskeletal disorders, and mineral imbalance-related neurological syndromes each
accounting for around 10%. High-altitude regions (Kotayk and Syunik) showed significant biochemical deficiencies, including
decreases in serum vitamin D (45%—-60%), Ca (20%—30%), and Se (40%—60%) compared to normal reference ranges. There
were strong negative correlations between altitude and serum vitamin D levels (r = -0.76), as well as Ca—P balance (r = -0.67
to -0.72). Hematological data indicated anemia, inflammatory responses, and impaired protein metabolism in areas with
greater environmental stress. Feed analysis uncovered widespread subclinical co-contamination with multiple mycotoxins,
especially aflatoxins, zearalenone, and deoxynivalenol, suggesting chronic metabolic stress even though toxin levels
remained below regulatory limits.

Conclusion: Non-infectious pig diseases in Armenia mainly stem from the interaction of environmental and nutritional factors
rather than isolated risks. Reduced sunlight exposure at high altitudes, along with resulting vitamin D deficiency, mineral
imbalances, and chronic low-level mycotoxin exposure, create biological pathways that contribute to disease development.
These findings emphasize the need for region-specific preventive measures, such as targeted vitamin D and mineral
supplements in high-altitude farming systems and improved feed quality monitoring to reduce chronic mycotoxin exposure.
Combining agro-climatic data with physiological diagnostics may enhance early risk detection and enable more accurate
management strategies for pig health in diverse environmental production systems.
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INTRODUCTION

Pig production is highly sensitive to environmental conditions, feed quality, and husbandry practices, making
non-infectious diseases a major constraint to productivity in many regions of the world [1, 2]. Pigs are especially
vulnerable to metabolic imbalances, digestive disorders, and toxicoses in agro-climatic environments where
climatic variability, mineral-deficient soils, and fluctuating nutritional inputs intersect [3-5]. These issues often
develop gradually, remain clinically silent in early stages, and eventually lead to impaired growth, reproductive
losses, and decreased herd efficiency, creating challenges for both veterinary diagnostics and preventive
management [6].

Armenia presents a unique ecological environment for studying non-infectious pig diseases because of its
significant agro-climatic diversity. Steep elevation changes, region-specific soil mineral deficiencies, and notable
differences in sunlight exposure create different physiological stresses on pig populations across the country's
main production zones [7, 8]. Lowland areas are more often affected by variations in feed quality and storage
issues, while high-altitude regions are marked by less ultraviolet radiation, limited vitamin D production, and
disrupted mineral metabolism [9]. These environmental factors, combined with management differences,
contribute to distinct regional patterns of metabolic disorders, digestive issues, and toxicoses in real farming
conditions.

Although international studies indicate that climatic stress, micronutrient imbalance, and feed-borne
contaminants often act synergistically to compromise metabolic stability in pigs [10, 11], such interacting factors
have not been systematically evaluated across Armenia’s diverse agro-climatic regions. Existing observations
remain fragmented and largely descriptive, which limits the understanding of how ecological exposures lead to
measurable physiological disturbances and clinical disease at the population level.

Despite growing international recognition that climatic stress, micronutrient imbalance, and feed-borne
contaminants interact to influence metabolic health in pigs, these factors have rarely been evaluated together
under real farm conditions across ecologically diverse regions. Most previous studies have examined individual
determinants, such as nutritional deficiency, climatic stress, or mycotoxin exposure, in controlled experimental
settings or within relatively homogeneous production environments. Consequently, the combined influence of
agro-climatic variability, mineral-deficient soils, sunlight availability, and feed safety on the epidemiology of non-
infectious diseases in pigs remains poorly understood at the population level. In Armenia, available information
on non-infectious pig diseases is largely fragmented and descriptive, with limited integration of clinical findings,
laboratory diagnostics, environmental variables, and feed-related risk factors. Furthermore, the mechanisms by
which altitude-related environmental constraints, impaired vitamin D synthesis, mineral imbalance, and chronic
exposure to feed-borne mycotoxins interact to influence disease patterns have not been systematically
investigated. This lack of integrated ecological—-physiological assessment hampers the development of evidence-
based preventive strategies tailored to regional production systems and environmental conditions.

The present study was designed to conduct a multi-regional, ecology-based investigation of non-infectious
diseases in pigs across major pig-producing regions of Armenia. Specifically, the study aimed to determine the
prevalence and distribution of non-infectious disease categories in pigs and to evaluate the relationships between
agro-climatic conditions, nutritional factors, and feed-related contaminants under routine farm conditions. By
combining clinical examination with hematological and biochemical indicators, environmental variables, and feed
safety assessments, the study sought to identify biologically plausible pathways linking ecological exposure to
physiological disturbances and clinical disease. Particular emphasis was placed on evaluating the roles of altitude-
related sunlight limitation, reduced vitamin D availability, mineral imbalances involving Ca, P, and Se, and chronic
exposure to feed-associated mycotoxins in shaping regional disease patterns. Through this integrated ecological
approach, the study aimed to generate evidence that could support the development of region-specific preventive
strategies and improve herd health management in pig production systems operating under diverse
environmental conditions.

MATERIALS AND METHODS
Ethical approval

This study was conducted in accordance with internationally accepted ethical standards for research
involving animals and was approved by the Ethics Committee of the Armenian National Agrarian University and
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the Higher Education and Science Committee of the Republic of Armenia under protocol number 10-15-21AG
(approved on October 21, 2021). The approval covers a long-term institutional research program investigating
metabolic health, nutritional disorders, and non-infectious diseases in farm animals in Armenia, within which the
present study was implemented during the 2023-2024 field investigation period. All procedures performed during
farm visits were carried out in compliance with national veterinary legislation of the Republic of Armenia and
institutional guidelines governing the ethical use and handling of animals in scientific research.

The study was observational in nature and was conducted under routine farm management conditions
without applying experimental treatments, invasive interventions, or procedures that could cause harm or
distress to the animals. Clinical examinations were performed by a licensed veterinarian using standard veterinary
diagnostic practices recommended by the World Organization for Animal Health. Animals were observed for
general health status, locomotion, body condition, and signs of metabolic, digestive, hematological, or
musculoskeletal disorders. The examinations were performed in a manner designed to minimize stress and avoid
disruption of normal farm routines.

Blood sampling for hematological and biochemical analyses was conducted on a limited subset of animals
using standard veterinary clinical procedures. Samples were collected by trained veterinary personnel using sterile
techniques and appropriate animal restraint to ensure both animal welfare and sample integrity. The number of
animals sampled was restricted to the minimum required to obtain reliable physiological indicators of mineral and
metabolic status, thereby following the principle of reduction in animal experimentation.

All participating pig farms voluntarily agreed to take part in the study. Prior to clinical examinations and
sampling procedures, farm owners or managers were informed about the purpose of the research, the procedures
to be performed, and the intended use of the data. Written informed consent was obtained from farm owners
allowing clinical assessment of animals and the collection of anonymized data and biological samples for scientific
analysis.

Throughout the investigation, the welfare of animals was prioritized. Animals showing signs of acute
infectious disease or severe clinical conditions requiring immediate treatment were excluded from the research
dataset and were managed according to routine veterinary care practices on the respective farms. The study
adhered to the principles of responsible animal research, including the 3Rs framework (Replacement, Reduction,
and Refinement), ensuring that animal involvement was minimized and that all procedures were conducted using
refined veterinary techniques to reduce discomfort and stress.

Study period and location

A cross-sectional observational epidemiological study was carried out from January 2023 to December 2024
to examine the incidence of non-infectious diseases in pigs across selected agro-climatic regions of Armenia. The
cross-sectional design was selected to assess the distribution of clinical conditions along with related
environmental and nutritional factors under routine farm conditions.

Farm visits and sampling took place during the summer seasons of 2023—-2024 to reduce seasonal differences
in sunlight exposure and feed storage conditions, which are crucial for understanding vitamin D status and
mycotoxin exposure.

Agro-climatic characteristics

The study was carried out in four key Armenian pig-producing regions: Ararat, Armavir, Kotayk, and Syunik.
These areas were chosen to represent the main pig farming zones in the country and to reflect a significant agro-
climatic gradient in terms of altitude, sunlight exposure, temperature, and soil mineral composition.

Ararat and Armavir are lowland areas with higher annual sunlight, warmer temperatures, and issues related
to feed storage and heat stress. Kotayk and Syunik are high-altitude areas with less sunlight, cooler weather, and
well-documented soil micronutrient deficiencies, especially Se and Ca.

Environmental variables such as regional altitude, annual average temperature, total yearly precipitation,
and number of sunny days were collected from official national hydrometeorological and agricultural reports.
Instead of farm-specific data, long-term regional averages were used, and all environmental information was
analyzed at the regional (ecological) level.

Farm selection criteria

Pig farms were chosen through purposive sampling to represent semi-intensive and commercial production
systems common to each study region. The inclusion criteria included active pig production during the study
period and voluntary consent from farm owners to participate in clinical examinations and sample collection. No
minimum herd size was set.
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All farms approached agreed to participate in the study, and no refusals were recorded. Each farm was visited
once during routine veterinary inspections. The selection process was designed to ensure representation of the
main production systems within each region, rather than to achieve statistically random sampling at the national
level, which is a limitation inherent to ecological field studies.

Farms and animals

Purposive sampling was used to select a total of 15 pig farms representing semi-intensive and commercial
production systems typical of the studied regions. Farms varied in herd size, feeding practices, and housing
conditions. All animals present on each farm at the time of the visit were included in the assessment, resulting in
a census-like evaluation of 3,370 pigs.

The animals examined spanned different age and production groups, including piglets, growers, and sows.
Growers were grouped with piglets for statistical analysis because both are growing animals and have similar
physiological susceptibility to nutritional and metabolic issues. All pigs were commercial crossbreeds originating
from English Yorkshire and Landrace lines (DanBred-type hybrids). Sex distribution was not systematically
recorded.

Animals were mainly kept indoors on concrete-slatted floors, with automated ventilation systems used to
control the microclimate across farms.

Supplementary Table S1 summarizes detailed farm-level characteristics, including herd size, housing system,
feeding system, and the number of clinically affected pigs.

Clinical assessment

All pigs were examined clinically by the same veterinarian to ensure consistent assessment. The clinical
evaluation focused on non-infectious conditions, including metabolic disorders, digestive disturbances, toxicoses,
musculoskeletal abnormalities, anemia, and related syndromes, following the guidelines of the World
Organization for Animal Health (OIE) [12, 13].

The clinical examination involved assessing general appearance and behavior, locomotion and posture, body
condition and growth, skin and mucous membranes, hydration status, and capillary refill time. Special attention
was paid to signs of metabolic imbalance (e.g., bone deformities, tetany, and muscle weakness), digestive
disorders (e.g., diarrhea, dyspepsia, and atony), toxicoses (e.g., anorexia, neurological signs, and hemorrhagic
manifestations), and musculoskeletal abnormalities (e.g., lameness and joint swelling).

Animals exhibiting clinical signs indicative of acute or chronic infectious diseases were excluded from the
non-infectious disease dataset and were not part of the statistical analyses.

Farm documentation was reviewed to gather information on feeding routines, previous illnesses, and routine
veterinary interventions.

Overlapping pathological conditions were categorized using a comprehensive etiological approach. For each
case, a primary etiological diagnosis (e.g., alimentary disorder or toxicosis) was assigned based on the main causal
factor, followed by documentation of the leading clinical syndrome (e.g., rickets, alimentary anemia, or mycotoxic
hepatopathy). In cases of combined etiology (e.g., nutrient deficiency occurring alongside chronic mycotoxin
exposure), conditions were classified as complex, with both primary and contributing factors specified.

Hematological and biochemical analyses

Blood samples were collected from animals that were clinically examined during routine farm visits. Sampling
took place in the summer mornings while animals were fasting. A total of 10 pigs were sampled from each region,
resulting in 40 blood samples.

Hematological analysis included hemoglobin concentration, hematocrit, erythrocyte count, leukocyte count,
and erythrocyte sedimentation rate (ESR). Tests were performed using automated veterinary hematology
analyzers based on impedance and photometric principles, following the manufacturer’s instructions and
standard veterinary laboratory protocols.

Biochemical analysis focused on indicators of mineral and metabolic status, including serum Ca, P, Se, and
vitamin D. Serum Ca and P concentrations were measured using colorimetric methods, while serum Se and vitamin
D levels were determined using enzyme-linked immunosorbent assay (ELISA)-based veterinary diagnostic kits. All
measurements were expressed in standardized units.

Hematological and biochemical results were interpreted using established physiological reference ranges for
swine from veterinary clinical standards and laboratory guidelines.
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All laboratory analyses were conducted in certified veterinary diagnostic laboratories using validated
protocols and commercially available diagnostic kits. Internal quality control procedures were routinely
implemented to ensure analytical accuracy and reproducibility.

Feed evaluation and screening for mycotoxins

Feed samples were collected from each farm during routine visits to assess nutritional characteristics and
check for potential mycotoxin contamination. Basic feed composition, including moisture, crude protein, and fiber
content, was evaluated to give a general picture of dietary quality in field conditions.

Mycotoxin screening focused on major contaminants relevant to swine, including aflatoxins, zearalenone,
and trichothecenes, especially deoxynivalenol (DON). Analyses were conducted using ELISA-based assays
commonly used in veterinary feed safety monitoring. The detection limits ranged from 0.1 to 5 pg/kg, while the
quantification limits ranged from 1 to 10 pg/kg depending on the specific mycotoxin.

Laboratory analysis showed a high occurrence of mycotoxins appearing together within individual feed
samples. The frequent detection of aflatoxin B1 and zearalenone was observed in samples from the Ararat region.
The most complex contamination patterns, including aflatoxins, zearalenone, and DON, were found in feed
samples from the Kotayk region, which also showed more noticeable clinical signs of metabolic and immune-
related issues in pigs.

Detected mycotoxin levels were evaluated based on internationally accepted guidelines for contaminants in
pig feed. Considering the chronic and multifactorial nature of exposure in field conditions, mycotoxin results were
combined with clinical observations and biochemical indicators to support regional interpretation of non-
infectious disease patterns rather than to determine acute toxicity.

Classification of non-infectious diseases

Final diagnoses were made by integrating clinical examination findings, hematological and biochemical
results, and feed analysis data. Disease conditions were classified into metabolic disorders, digestive diseases,
toxicoses, anemia and hematological dysfunctions, musculoskeletal disorders, and mineral imbalance—related
neurological syndromes, following the classification frameworks of the OIE and the Merck Veterinary Manual [12-
14].

Descriptive and inferential statistics

Descriptive statistics were used to determine disease category prevalence across different regions and age
groups. Differences in categorical disease distribution between piglets and sows were evaluated using Pearson’s
chi-square test. Prevalence estimates were provided with 95% confidence intervals (Cl) calculated through
binomial proportion methods.

Regional differences in hematological and biochemical parameters were assessed using Student’s t-test, with
a significance level set at p < 0.05. Prior to parametric testing, the data distribution was visually examined for
approximate normality and homogeneity of variance.

Multivariate and ecological analysis

Given the aggregated structure of the regional data, an exploratory ecological analysis was conducted.
Pearson correlation coefficients were calculated to examine relationships between environmental factors
(altitude, temperature, and sunlight exposure) and regional averages of disease prevalence and biochemical
indicators (vitamin D, Ca, and P).

An ordinary least squares linear regression model was built using the overall prevalence of non-infectious
diseases as the dependent variable, with altitude, mean annual temperature, and number of sunny days as
predictors. Due to the small number of ecological units (n = 4 regions), regression coefficients, p-values, and model
fit statistics (R?, adjusted R?) are provided descriptively to show directional trends and are not interpreted as
evidence of causality. All statistical analyses were performed using Python 3.10.

RESULTS
Overall clinical status of the examined animals

A total of 3,370 pigs from 15 farms across four agro-climatic zones of Armenia were examined clinically.
Among these animals, 825 pigs were diagnosed with non-infectious diseases, representing an overall prevalence
of 24.5% (95% Cl: 22.9%—-25.9%) (Table 1). Non-infectious conditions were found in all regions studied, indicating
their widespread presence under typical farm conditions.
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Table 1: Distribution of animals according to clinical condition.

Animal group Total examined Clinically healthy (heads/%) Signs of disease (heads/%)
Piglets 2460 1845 (75.0) 615 (25.0)
Sows 910 700 (76.9) 210 (23.1)
Total 3370 2545 (75.5) 825 (24.5)

Regional prevalence varied significantly, ranging from 20.0% (95% Cl: 16.8%—23.5%) in Ararat to 33.7% (95%
Cl: 30.6%—36.9%) in Kotayk. Detailed regional prevalence estimates with Cl are included in Supplementary Table
S2, and farm-level distribution data are summarized in Supplementary Table S1.

Growing animals (piglets and growers) made up the majority of affected individuals, reflecting their greater
physiological sensitivity to nutritional and metabolic disturbances.

Structure of the categories of non-infectious diseases

Among the 825 pigs diagnosed with non-infectious diseases, metabolic disorders and toxicoses were the
most common categories, making up about 30% of all cases. Digestive diseases accounted for roughly 20%, while
anemia, musculoskeletal disorders, and mineral imbalance-related neurological syndromes each represented
about 10%.

Figure 1 shows the proportional distribution of disease categories, while Supplementary Table S2
summarizes region-specific prevalence estimates.

Musculoskeletal IEEG_—

Anemia [N
o Figure 1: Distribution of non-infectious disease categories
lgestive among clinically affected pigs (n = 825). Values indicate the
SNV TN s———————————— proportion of each disease category among pigs diagnosed
with non-infectious conditions across all regions under study.

Metabolic I
0 10 20 30 40
Percentage

Distribution of diseases by age group

Age group stratification showed a similar distribution of disease categories between piglets/growers and
sows. A Pearson chi-square test comparing disease patterns in piglets (n = 615) and sows (n = 210) revealed no
significant difference (x2 = 0.0003, df = 4, p = 0.99), suggesting that the overall pattern of non-infectious diseases
is comparable across different ages.

Although the proportional structure was similar, the clinical presentation of the disease varied by age. Piglets
and growers more often showed signs of digestive issues (e.g., dyspepsia) and early metabolic imbalance
symptoms, while sows more frequently displayed neurological signs associated with mineral imbalance.

Pronounced regional differences were observed in the prevalence and main structure of non-infectious
diseases across the four agro-climatic zones (Table 2).

Table 2: Natural and climatic conditions of Armenia’s pig-producing regions.

3 Altitude  Average annual Precipitation Number of sunny  Main soil mineral . 3 ) X

Region .. Risks typical of pig farming
(m) temperature (°C) (mm/year) days (per year) deficiencies

Ararat 800— +10to +12 200-250 270-300 Selenium, zinc  Heat stress during summer and soil
1000 salinity

Armavir  850— +11to +13 250-300 250-280 Selenium, copper Hot dry winds and limited drinking
1100 water availability

Kotayk 1200- +6 to +8 500-700 160-180 Selenium, iodine, Vitamin D deficiency and marked
1800 and cobalt temperature fluctuations

Syunik 1500- +5to +8 400-600 170-190 Selenium, calcium Strong winds and limited pasture
2200 availability
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Regional variation in the incidence of non-infectious diseases

The lowland regions (Ararat and Armavir) showed a higher occurrence of digestive disorders and toxicoses.
These patterns aligned with feed-related issues, such as fluctuations in feed quality and evidence of mycotoxin
contamination, especially zearalenone and aflatoxins in Armavir.

In contrast, high-altitude regions like Kotayk and Syunik showed a predominance of metabolic disorders,
including rickets, osteodystrophy, hypovitaminosis, and tetany. These areas are marked by less sunlight exposure
and documented soil micronutrient deficiencies, which were reflected in consistent biochemical changes.

Although disease patterns are similar across age groups, the main causes vary by region, with feed-related
issues common in lowland farms and environmentally driven metabolic problems more prevalent in high-altitude
areas.

Hematological findings

Hematological analysis showed distinct region-specific differences from standard reference ranges (Table 3).
Hemoglobin and hematocrit levels decreased in all regions, with the most significant drops seen in Kotayk and
Syunik, where hemoglobin ranged from 85-110 g/L and hematocrit from 30%—39%. These results align with
nutritional anemia.

White blood cell counts surpassed the upper normal limit in all areas, with the highest readings in Kotayk
(17-21 x 10°/L) and Syunik (16—20 x 10°/L), suggesting ongoing inflammatory or stress responses.

Erythrocyte counts were somewhat lower in high-altitude regions, and total serum protein levels were
lowest in Kotayk and Syunik (60-78 g/L). The ESR was elevated in all regions, reaching up to 45 mm/h in high-
altitude areas.

Overall, the hematological profiles reflect a combination of anemia, inflammatory response, and disrupted
protein metabolism in areas with significant environmental and nutritional challenges.

Table 3: Hematological parameters of pigs across agro-climatic regions and possible contributing factors.

Normal
Parameter range Ararat Armavir Kotayk Syunik Possible contributing factors
Hemoglobin (g/L) 100-140 98-120 95-113{  85-110 88-115 Nutritional insufficiency, mineral absorption impairment, and
N2 L chronic metabolic stress
Hematocrit (%) 36-43 35-41 34-40 ¢ 30-38 1\ 32-39 1 Reduced erythropoiesis, mineral imbalance, and chronic

physiological stress
Leukocytes (x10°/L) 8.0-16.0 15-18 1 14-17 1 17-21 M 16-20 M Stress-related and inflammatory responses
Erythrocytes (x10°/L) 6.0-7.5 6.2-7.1 6.0-7.0J 5.5-6.8 1 5.8-6.9 |, Micronutrient insufficiency and metabolic disturbance
Total protein content 70-85 68-82 65-80 1 60-78 {1 63-79 1 Impaired protein metabolism, limited feed quality, and
(g/L) chronic metabolic stress
ESR (mm/h) 20-35 30-40 1 23-38 1 35-45 P 32-42 M Chronic inflammation or stress-related responses

M and { indicate mild deviations from physiological reference ranges; ™ and {, { indicate marked deviations.
Biochemical alterations

Feed analysis revealed region-specific patterns of mycotoxin contamination, while biochemical parameters
showed consistent deviations from reference ranges (Table 4). Although the measured concentrations stayed
below internationally accepted regulatory limits, the frequent co-occurrence of multiple mycotoxins was
observed.

Table 4: Biochemical blood parameters of pigs by region (2023-2024).

Normal
Parameter Ararat Armavir Kotayk Syunik  Possible contributing factors
range
Calcium (mmol/L) 2.5-3.0 2.1-2.4 0 2.3-2.5 1.9-2.1J 2.0-2.3 Reduced vitamin D availability, regional soil mineral
limitations, and high-altitude conditions
Phosphorus 1.8-2.5 1.5-1.8J 16-20¢ 1.2-15J 13-1.7¢ _. . . o )
Dietary imbalance and reduced bioavailability of minerals
(mmol/L)
Selenium (ug/mL) 0.07-0.15 0.05-0.07 {, 0.04-0.06 , 0.03-0.05 |, 0.06—0.08 , Low selenium availability in regions
Vitamin D (ng/mL)  30-38 18-25 ¢ 22-28 | 12-19 ¢ 15-20 ¢ Limited exposure to sunlight and predominantly indoor
housing

{ indicates values below the physiological reference range.

Ararat was mainly linked to aflatoxin contamination, Armavir exhibited higher levels of zearalenone, and
Kotayk and Syunik showed more frequent detection of DON. Co-exposure to multiple mycotoxins, especially in
Armavir, Kotayk, and Syunik, was common.
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These contamination patterns were linked with lower serum protein levels, higher leukocyte counts, and
increased rates of toxicoses and digestive disorders, indicating that long-term, subclinical exposure to mycotoxins
may lead to metabolic and inflammatory stress.

Feed quality and mycotoxin contamination

Feed quality assessment showed frequent subclinical contamination with multiple mycotoxins in all regions
studied. Aflatoxins, zearalenone, and DON were commonly found, often together, although the concentrations
generally stayed below regulatory limits.

Distinct regional contamination profiles were identified. In lowland areas, aflatoxins and zearalenone were
dominant, while DON was more commonly found in high-altitude regions. The most complex co-contamination
patterns, involving aflatoxins, zearalenone, and DON, occurred in the Kotayk region.

Overall, these findings show that chronic, low-level mycotoxin co-exposure was common under routine farm
conditions and was a consistent background feature of the production systems studied.

Integrated interpretation of environmental, nutritional, and clinical indicators

Strong links were seen between environmental factors and the prevalence of non-infectious diseases at the
regional level (Figure 2). Altitude showed a strong negative correlation with serum vitamin D levels (r =-0.76) and
with Ca—P balance (r = -0.67 to -0.72).

300 30
B Sunny_days_avg
250 25
. Figure 2: Relationship between sunlight
E 200 20 ::E‘ exposure (number of sunny days per year)
g E] and serum vitamin D levels across Armenian
Z 150 15 4| pig-producing regions (n = 4 regions; 10 pigs
'E g sampled per region). Points represent
§ 100 10 g regional mean vitamin D concentrations; the
2 line indicates the association direction based
on Pearson correlation analysis.
50 5
0 0
Ararat Armavir X Kotayk Syunik
Region

Exploratory ecological regression analysis identified altitude as a significant regional predictor of non-
infectious disease prevalence (Figure 3). Supplementary Table S3 shows the regression coefficients and model fit
statistics. Because of the small number of ecological units (n = 4 regions), these results are considered exploratory
and suggestive of directional trends rather than definitive causal effects.

2000 40
s Altitude_avg_m - Disease_prevalence_percent
1800 35
1600
30 . . . .
z 1400 | Figure 3: Relationship between altitude and
3 1200 25y | Prevalence of non-infectious diseases across
3 &| Armenian pig-producing regions (n = 4
B o . . .
= 1000 205 | regions) Each point represents a regional
800 S| aggregate, and the fitted line reflects an
v
15§ | exploratory linear regression illustrating the
600 8| directional trend.
10
400
200 >
0 0
Ararat Armavir Kotayk Syunik
Region
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Given the dataset’s aggregated regional structure (n = 4 regions), regression analyses were considered
exploratory and descriptive. The model fit was evaluated qualitatively to identify directional trends and ecological
coherence rather than to produce precise inferential estimates. Therefore, numerical R? values and Cl were not
emphasized to avoid overstating statistical precision within the limited ecological unit constraints.

High-altitude regions consistently showed the most severe biochemical deviations and the highest rates of
metabolic disorders, while lowland regions had higher frequencies of feed-related toxicoses and digestive issues.
These findings show that non-infectious pig diseases in Armenia result from interacting agro-climatic and
nutritional factors, forming integrated ecological-physiological pathways instead of isolated risk factors (Figure
4).
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DISCUSSION
Integrated ecological interpretation of the findings

This study offers a multi-regional, ecology-based assessment of non-infectious pig diseases in Armenia by
combining clinical, hematological, biochemical, environmental, and feed-related indicators under routine farm
conditions. Unlike traditional prevalence surveys that report disease occurrence in isolation, the findings suggest
that non-infectious pig diseases are influenced by interacting agro-climatic and nutritional factors. The regional
patterns observed support biologically coherent ecological-physiological pathways through which environmental
exposure leads to physiological disruption and, ultimately, clinical disease manifestation.

Although this cross-sectional design does not define specific supplementation doses or intervention
intervals, the findings support routine seasonal monitoring of serum vitamin D, Ca, P, and Se, particularly in high-
altitude indoor production systems, to facilitate evidence-based preventive decisions. At the herd and policy
levels, the results advocate for the development of regionally adapted preventive frameworks for pig production
in Armenia, including targeted micronutrient supplementation, enhanced feed safety surveillance, and veterinary
prevention strategies aligned with local agro-climatic conditions.

Environmental and nutritional pathways associated with disease development

One of the key findings of this study is the strong link between altitude-related environmental factors and
the burden of metabolic disease in pigs. High-altitude areas, especially Kotayk and Syunik, consistently showed
lower serum levels of vitamin D, Ca, P, and Se concentrations, together with higher rates of rickets,
osteodystrophy, tetany, and growth retardation. These findings support a biologically plausible pathway where
reduced sunlight exposure limits the body's ability to produce vitamin D synthesis, impairs Ca—P metabolism, and
leads to skeletal and neuromuscular disorders. Less exposure to ultraviolet radiation in high-altitude and low-
sunlight environments has previously been associated with impaired vitamin D production and subsequent
disturbances in Ca—P metabolism in pigs and other livestock species [9, 15, 16].

Previous experimental studies have confirmed the importance of vitamin D and mineral balance for bone
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development and metabolic stability in pigs [3, 17]. However, most available evidence has been generated under
controlled feeding conditions rather than through field-based ecological assessment. The present study expands
on this knowledge by showing that altitude-related hypovitaminosis D can remain a significant risk factor even in
modern indoor production systems, where routine dietary supplementation is often assumed to provide sufficient
protection. These findings challenge the idea that vitamin D deficiency is of limited relevance in intensively housed
pig populations.

Se availability and bioaccessibility are increasingly recognized as region-dependent factors that influence
antioxidant defense, metabolic stability, and disease susceptibility in livestock systems [18, 19]. The consistently
low Se concentrations observed across all studied regions further highlight Armenia's Se-poor soil profile and its
likely systemic effects on pig health. Se deficiency has been linked to anemia, weakened immune function,
muscular weakness, and increased vulnerability to metabolic stress [20]. The more significant Se deficits seen in
high-altitude regions provide a plausible mechanistic explanation for the hematological changes observed in this
study, including lower hemoglobin and hematocrit levels along with higher inflammatory markers.

Contribution of feed safety and mycotoxin exposure

Feed safety has become a key factor influencing metabolic health in the studied production systems. Chronic
exposure to low doses of mycotoxins can disrupt nutrient absorption, hormonal regulation, and immune function,
even when contamination levels are below regulatory standards [11, 18, 19]. An important aspect of this study is
showing that subclinical multi-mycotoxin contamination can significantly contribute to the development of non-
infectious diseases, even without overt toxic concentrations. In the regions studied, feed samples often contained
multiple toxins such as aflatoxins, zearalenone, and DON, a contamination pattern increasingly seen as biologically
significant, despite remaining under official regulatory limits [11].

In lowland areas like Ararat and Armauvir, higher temperatures and storage-related feed issues were linked
to aflatoxin and zearalenone contamination. These conditions coincided with increased rates of digestive
disorders and toxicoses. Conversely, DON was more common in high-altitude areas, where it may have worsened
nutrient malabsorption and inflammatory responses. These observations align with increasing evidence that
chronic low-level mycotoxin exposure can disrupt protein metabolism, harm intestinal integrity, and intensify
metabolic stress, especially when paired with micronutrient deficiencies [10].

Taken together, these results suggest that compliance with regulatory limits does not necessarily ensure
biological safety in real farm conditions. Instead, repeated exposure to multiple mycotoxins, along with
environmental and nutritional stressors, may work together and contribute to the chronic disease patterns seen
in Armenian pig farms.

Hematological and biochemical indicators as markers of ecological stress

The hematological and biochemical changes documented in this study offer a comprehensive view of the
physiological effects of environmental and nutritional limitations. Elevated leukocyte counts and ESR across
regions indicate ongoing inflammatory or stress-related responses, while lower erythrocyte counts, hemoglobin
levels, and total serum protein suggest impaired red blood cell production and altered protein metabolism.

These laboratory findings closely mirrored the regional clinical patterns, strengthening the interpretation
that environmental exposure can lead to measurable physiological disruptions before or alongside clear clinical
disease. While integrating biomarkers with environmental data is still underused in swine epidemiology, it offers
significant value for early risk detection and targeted preventive measures.

Ecological interpretation and caution regarding causality

The exploratory ecological regression analysis identified altitude as a key regional predictor of non-infectious
disease prevalence. Although the strength of the observed associations emphasizes the likely importance of
environmental gradients, the limited number of regions warrants cautious interpretation. As with all ecological
studies, associations found at the regional level cannot be directly applied to individual animals.

Therefore, the current findings should be viewed as evidence of interacting factors and directional trends
rather than definitive proof of causality. However, the consistency seen across clinical, biochemical,
hematological, feed-related, and environmental indicators supports a coherent pathway-based interpretation
linking agro-climatic conditions with disease outcomes.

Implications for region-adapted prevention

The current findings offer a practical framework for region-specific prevention of non-infectious pig diseases.
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In high-altitude areas, preventive measures should focus on vitamin D and mineral supplementation tailored to
limited sunlight exposure and regional soil micronutrient deficiencies. In lowland areas, enhancing feed storage
practices and routine mycotoxin monitoring are particularly important for reducing digestive issues and toxicoses.
This approach encourages a move from broad management advice to more specific livestock health
strategies tailored to regional risk profiles by using ecological context and physiological diagnostics together.

Relevance beyond Armenia

Although this study was performed in Armenia, its implications extend to pig production systems in other
mountainous, mineral-poor, and low-sunlight regions, including parts of the Caucasus, Central Asia, and similar
highland areas worldwide. In this context, Armenia can serve as a model illustrating how agro-climatic constraints
may influence the risk of metabolic disease under modern pig farming conditions. Environmental bioindicator
studies have increasingly demonstrated that regional ecological stressors, such as altitude, soil mineral depletion,
and climate variability, can have measurable physiological effects across species, further underscoring the
importance of ecology-based approaches in livestock health assessment [21].

The novelty of this study lies in its ecology-based integration of agro-climatic exposure, feed safety, and host
biochemical markers to identify region-specific pathways that lead to non-infectious pig diseases under routine
farm conditions, rather than focusing on isolated risk factors. Recent advances in precision feeding and livestock
management also highlight the importance of combining environmental exposure, feed quality, and physiological
monitoring to decrease disease risk and enhance resilience in various production settings [22, 23].

Study limitations

Despite the comprehensive ecological and physiological assessment conducted in this study, several
limitations should be recognized. First, the cross-sectional design prevents establishing definitive temporal or
causal relationships between environmental exposure, nutritional status, and disease development. Although the
observed associations are biologically plausible and supported by consistent clinical, biochemical, and
environmental findings, longitudinal and intervention studies are necessary to verify the timing and direction of
the proposed pathways.

Second, the environmental analysis was ecological in nature, with agro-climatic variables assessed at the
regional level using long-term averages rather than farm-specific or animal-specific measurements. Although this
approach is suitable for identifying dominant regional patterns, it might hide within-region differences and could
lead to ecological fallacy when making group-level conclusions at the individual level.

Third, although all pigs were examined by the same veterinarian using a standardized clinical protocol, some
diagnostic misclassification cannot be entirely ruled out, especially for disorders with overlapping symptoms such
as metabolic disturbances, subclinical toxicoses, and digestive issues. The use of an integrated etiological
framework that combines clinical, hematological, biochemical, and feed analysis findings reduced this risk, but
diagnostic differentiation in field conditions remains inherently difficult, particularly without molecular
confirmation [24, 25].

Fourth, the study did not include molecular or culture-based analysis of the intestinal microbiota. Given the
high occurrence of digestive disturbances and mycotoxin-related syndromes in various regions, microbiota
composition may be an important yet unmeasured factor affecting nutrient absorption, immune regulation, and
inflammatory responses [26—29]. Previous research indicates that micronutrient availability, feed quality, and
microbiota-modulating strategies are closely linked in maintaining metabolic balance in livestock. Probiotic or
microbial interventions could enhance gut resilience and metabolic stability under controlled conditions [30—-32]
and may help mitigate the physiological impacts of low-grade mycotoxins or micronutrient deficiencies in
environmentally stressed systems [33—35]. However, these mechanisms were not directly examined in this study.

Fifth, feed composition data were limited to basic nutritional parameters, and detailed information on
energy density, micronutrient premix formulation, and batch-to-batch variation was not consistently available
across farms. Additionally, mycotoxin evaluation relied on routine screening methods commonly used in field-
based veterinary monitoring, which may underestimate cumulative exposure under chronic co-occurrence
conditions. However, these methods closely reflect real-world veterinary practice and therefore remain relevant
[36]. Finally, other potentially important confounding factors, such as parasitic burden, water quality, subclinical
viral or bacterial infections, and housing microclimate, were not directly measured and may have contributed to
regional variability in disease expression [37—-39]. Sex-based analyses were also not conducted because sex
distribution data were incomplete at the farm-level [40, 41].
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Future research directions

Future studies should expand on these ecological findings using longitudinal designs that can capture
temporal and seasonal variations, especially regarding vitamin D levels and chronic mycotoxin exposure in typical
farm conditions. Controlled intervention studies assessing region-specific supplementation strategies, including
vitamin D, Se, and Ca—P balancing, along with better feed management practices, are essential to strengthen
causal conclusions and evaluate effectiveness at the field level. Additionally, incorporating microbiome profiling,
metabolomics, and targeted probiotic interventions may help clarify the biological pathways connecting
environmental factors, nutrition, and the development of non-infectious diseases in pigs, thereby aiding in the
creation of more precise and region-specific prevention strategies.

CONCLUSION

This study showed that non-infectious diseases are common in pig production systems across Armenia, with
an overall prevalence of 24.4% among the examined population. The results revealed clear regional differences
in disease occurrence, with higher prevalence in high-altitude regions compared to lowland areas. Metabolic
disorders and toxicoses were the most common disease categories, making up about 30% of all diagnosed cases,
followed by digestive disorders. Hematological and biochemical results showed consistent deviations from normal
reference ranges, especially with lower levels of vitamin D, Ca, P, and Se in high-altitude regions. Additionally,
feed analysis found frequent co-occurrence of multiple mycotoxins, including aflatoxins, zearalenone, and DON,
even when contamination levels stayed below regulatory thresholds. These findings suggest that the burden of
non-infectious pig diseases is linked to complex interactions between environmental and nutritional factors rather
than single isolated causes.

From a practical standpoint, the results highlight the importance of region-specific preventive management
in pig production systems. In high-altitude areas characterized by reduced sunlight exposure and soil
micronutrient limitations, routine monitoring of serum vitamin D, Ca, P, and Se levels, along with targeted
micronutrient supplementation, may help lower the risk of metabolic disorders and skeletal abnormalities.
Conversely, lowland regions seem to require a greater focus on feed storage management and regular monitoring
for mycotoxin contamination to prevent digestive disorders and toxicoses. Combining environmental factors with
clinical and biochemical diagnostics offers a valuable framework for enhancing herd health management and
strengthening preventive veterinary strategies across diverse agro-climatic conditions.

A key strength of this study is the integration of clinical examination, hematological and biochemical
diagnostics, feed safety evaluation, and environmental indicators across multiple agro-climatic regions under real
farm conditions. This ecology-based approach enables the identification of biologically coherent pathways linking
environmental exposure, nutritional imbalance, and disease manifestation at the population level. By combining
ecological, physiological, and management-related indicators, the study offers a comprehensive understanding of
how environmental constraints lead to measurable health outcomes in pig production systems.

In conclusion, non-infectious pig diseases in Armenia seem to result from complex interactions among agro-
climatic conditions, micronutrient levels, and feed safety factors. The results highlight the importance of region-
specific preventive strategies that include environmental monitoring, nutritional management, and feed safety
oversight. This comprehensive approach can help improve herd health, boost productivity, and create more
resilient pig production systems in environmentally diverse regions.
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