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Hygienically safe drinking water is essential for the health, well-being, and efficient production of livestock. In contrast to drinking water for human consumption, there are guidelines but no legal limits for drinking water for animals. Risk factors due to hygienically relevant microorganisms or chemical compounds in drinking water are known from literature, but there is little information on the quality of drinking water for livestock in Germany. To gain an overview of the quality of drinking water, data from samples collected from pig and poultry farms in Northwest Germany over a 10-year period were analyzed retrospectively. Data consisted of 326 samples analyzed chemically, and 519 samples analyzed microbiologically. Of these, 80 water samples were analyzed for both chemical and microbial contaminants. There was no correlation between samples exceeding chemical and microbial guideline levels. The number of samples exceeding the chemical guideline values (58.0%) was higher than the number of samples exceeding the microbiological guideline values (47.4%). This long-term study illustrated the potential risk to pigs and poultry from drinking water and highlights the need for effective hygiene measures to prevent the transmission of microorganisms and chemicals residues through water to maintain animal health and safe food products.
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1 Introduction

Not only the quantity provided, but also the quality of drinking water plays a key role in maintaining health, welfare, and productivity of livestock. Given the large volumes consumed, poor water quality can potentially pose a risk to animal health. Inadequate drinking water can have a significant impact on livestock production, affecting factors such as feed conversion and growth rate (Praveen et al., 2016). It can also contribute to a variety of infectious and non-infectious diseases (Umar et al., 2014). Clean water in a good microbiological and chemical quality is therefore a key element in reducing the use of antibiotics. The European Green Deal, for instance, targets a 50% reduction in antibiotic use from 2018 to 2030, aligning with the United Nations’ Sustainable Development Goal 3 (Good Health and Well-being) (European Commission, 2019; United Nations, 2015). Hence, the supply of clean water is essential to ensure animal health, avoid economic losses, and support sustainable and responsible resource use.

Currently, the German regulation of drinking water in livestock falls under the Feed Hygiene Regulation (European Parliament, 2005), unlike water for human consumption, which is covered by a specific separate regulation. The regulation related to livestock only states that drinking water must be suitable for the animals and that if contamination risks are suspected, measures should be taken to assess and reduce these risks. For these measures to be implemented effectively, it is necessary to identify potential risks, even though these risks related to the quality of drinking water are not specifically outlined. However, German guidelines do exist for certain water parameters. The Federal Ministry of Food, Agriculture and Consumer Protection (BMEL) published limit values for chemical and microbiological parameters even back in 2007 (BMEL, 2007), based on scientific recommendations (Kamphues et al., 2007). While these guidelines are not mandatory, they serve as a guideline to be considered in farm animal husbandry. The importance of water quality for animal health and welfare has been widely recognized in recent years and is, for instance, addressed in the German retailers’ initiative, “Initiative Animal Welfare” (ITW, 2015), where it is stated that water needs to be tested annually for included farms. These mandatory drinking water checks include physiochemical and microbiological analyses, which also apply to the ministerial guidelines mentioned above (ITW, 2015).

Moreover, water quality is essential not just for the well-being of animals, but also for the effective administration and dilution of substances potentially applied for animal health reasons. Water is not only used as drinking water for livestock, but also as a transport medium for medicine, vaccines, or detergents. Since the German Guideline on Oral Use of Veterinary Medicinal Products in the Livestock Sector via Feed or Water was implemented in May 2014, the need for practical management of drinking water has been increasing (BMEL, 2014). The guidelines state that veterinarians can administer oral antimicrobial formulations only after they have developed and documented a farm-specific risk management for oral medication (BMEL, 2014). Additionally, the obligatory waiting period for treated animals only applies after the system has been cleaned (BMEL, 2014). Furthermore, it is important that the water pipes are dimensionally designed and installed to prevent biofilm by providing a sufficient flow rate and properly located pipes. Recommendations on drinking water quality have also been adopted at the European level. For example, the European Medicines Agency (EMA), which is responsible for the evaluation and supervision of medicines, has discussed this subject. In August 2020, the EMA published a scientific problem analysis and recommendations to ensure the safe and the efficient administration of oral veterinary medicinal products via routes other than medicated feed (European Medicines Agency, 2020). It states that the management of water quality and knowledge of its physio-chemical and microbiological properties are crucial for correct medication. Drinking systems used for oral administration of veterinary medicines should be cleaned after each treatment with appropriate products and methods. In addition, the distribution system on the farm must ensure that medicines in feed or water are delivered only to the intended animals. An understanding of the importance of good water quality, for both the benefit of animal health and the application of substances, is present already. However, water quality can be impaired, and several risks, which may be chemical, microbiological, or technical, can occur.

Concerning microbiological risks, biofilms can form on surfaces in contact with water (Donlan, 2000). Microbial biofilm formation often occurs in drinking water systems (Flemming and Wingender, 2001). If the supply of nutrients is kept to a minimum, they are usually very thin and can be tolerated, as is the case in drinking water systems for human consumption. However, if conditions are favorable for bacterial growth, massive biofilm development can occur in drinking water systems in livestock housing. A biofilm refers to the community of microorganisms on the surface. It is known that biofilms can be a reservoir for pathogens (e.g., bacteria, viruses, parasites) (Costerton et al., 1999; Wingender and Flemming, 2011). This way, pathogens can be discharged from biofilms at irregular intervals and quantities and contaminate the water. Various factors contribute to biofilm formation and an increased risk of contamination: The water itself may already be initially contaminated (e.g., in the case of well or surface water). The main problem in livestock farming, however, is the posterior entry of germs from the drinking trough into the drinking water supply system. The presence and spread of animal and zoonotic pathogens in drinking water and its systems represent a significant source of pathogen exposure for animals. However, this topic seems to be relatively unexplored.

The major bacterial agents that have been shown to cause human intestinal illness associated with drinking water are Salmonella, Shigella, Vibrio, and Escherichia (E.) coli (João and Cabral, 2010). Bacterial and protozoan pathogens also pose a threat to livestock by contaminating water supplies (Hooda et al., 2000). To evaluate microbiological water quality, fecal indicator bacteria are used to detect the presence of fecal contamination in a water source. These bacteria are likely to be present along with other enteric pathogens. Total coliform, fecal coliform, E. coli, and fecal Streptococci are currently used to assess contamination in water quality management because they are easy and inexpensive to detect compared to other pathogens (Meays et al., 2004). Nonetheless, this is only a guideline, and no currently used bacterial indicator can meet all the criteria required to indicate ideal water quality (Devane et al., 2020). In addition, total bacteria counts can provide information about contamination of water sources or indicate biofilm growth (Wingender and Flemming, 2011).

Referring to various chemical risks, drinking water can be contaminated with heavy metals, pesticides, herbicides, industrial chemicals, pharmaceuticals, and microplastics. However, substances naturally present in water may also pose a risk (Carson, 2000). The most common minerals dissolved in drinking water are the cations calcium (Ca2+), magnesium (Mg2+) and sodium (Na+), and the anions carbonate (CO32−), bicarbonate (HCO3−), chloride (Cl−), and sulfate (SO42−). Therefore, various physio-chemical or chemical parameters of drinking water should be tested regularly, especially in the case of well water. These include, but are not limited to, pH, conductivity, salinity, nitrate and nitrite contents, and various inorganic and organic ingredients (Früchtenicht, 2000).

In addition to the composition and additives of the water, the pipe material is also a factor in the formation of deposits or biofilm. This is because bacterial growth can differ depending on the material (Kilb et al., 2003). For example, new plastic pipes can release substances that act as nutrients for bacteria, encouraging the formation of bacterial biofilms from the organic components of pipe coatings (Vogel et al., 2020). The risk is further increased when flow shadows, stagnant water left for several hours, or low flow velocities (<1 m/s) occur in the pipe system (Flemming et al., 2014). Thus, a technical risk may be the use of certain materials for pipes that promote biofilm growth or the installation itself due to stagnant water, for instance, in dead-end systems, or low flow rates.

Risk factors associated with chemical compounds (e.g., nitrate, sulfate) or hygienically relevant microorganisms (e.g., E. coli) in drinking water for animals were described in the literature (Costerton et al., 1999; Carson, 2000; Morgan, 2011; Genther and Beede, 2012; Anderson, 1978; Veenhuizen et al., 1992). However, little information is available on the drinking water quality of German livestock farms. This study aimed to retrospectively assess the state of drinking water quality on German pig and poultry farms by analyzing data collected over a 10 year period. Existing data were examined to identify trends and potential hazards related to drinking water.




2 Materials and methods

The drinking water samples included in this study were taken from pig and poultry farms in the Northwestern part of Germany, a region of intensive livestock farming and high livestock density. The data were collected over a 10-year period (03/2004 to 12/2014) and the farms were randomly selected. The primary focus was to improve on-farm hygiene management. Participation was voluntary and water sampling was offered as an additional service. Chemical and microbiological water quality parameters were analyzed using standard methods and the data were examined retrospectively. A total of 326 samples were analyzed chemically and 519 samples were analyzed microbiologically.



2.1 General information of farms

Farm information was collected through face-to-face interviews conducted by the person collecting the water samples. Topics included general farm information, data on water resources used for livestock consumption, and the location of the farm.




2.2 Chemical analysis

A water sample was collected for chemical analysis if the animals were fed well water. In the case of tap water, no sample was taken for chemical analysis. Water samples were collected in clean 250 mL PE bottles (H.H. Rotert GmbH & Co. KG, Bad Iburg, Germany) at the beginning of the pipeline. The water was carefully poured into the container to avoid oxidation. To further avoid oxidation of substances in the water during the transport the container was filled to the top. No cooling was used during transport of samples within 48 hours, but care was taken to avoid large temperature changes.

The physical characteristics such as the pH value and hardness were examined according to DIN 38404-5 (1984) and DIN 38406-3-3 (2002), respectively. The dissolved chloride, nitrite, nitrate, and sulfate ions were determined according to DIN EN ISO 10304-1 (2009). The cation ammonium was analyzed according to DIN 38406-5 (1983). To measure manganese and iron an inductively coupled plasma-mass spectrometry was used according to DIN EN ISO 17294-1 (2004). The result was expressed in mg based on 1 mL of water.




2.3 Bacteriological analysis

A sterile 250 mL container with sodium thiosulfate as stabilizer (H.H. Rotert GmbH & Co. KG, Bad Iburg, Germany) was used to collect water samples for microbiological analysis. Sampling was carried out in the middle or at the end of the pipe, with no prolonged running of the water, to give realistic results of what the animals ingest. The barn was in operation at the time of sampling. A fresh pair of sterile nitrile gloves (Anhui Intco Medical Products Co., Ltd., Huaibei, China) was used for each individual sample collection to prevent potential cross-contamination from the environment. After collecting the water samples the container was quickly and hygienically sealed with a lid. The samples were then transported to the laboratory under cool conditions within 24 hours.

Microbial organisms were measured as Colony-Forming Units (CFU) using a plate count method (DIN EN ISO 6222, 1999). The CFU is a key figure or unit in microbiology and a measure of the microbiological load of a medium, such as drinking water. The water samples were initially diluted in a standard dilution series to 1:10 and 1:100 with distilled water. In the case of very high bacterial counts, it was sometimes necessary to use higher dilution steps of up to 1:10,000. From the dilution steps prepared, duplicates were pipetted on nonselective plate count agar (Merck, Darmstadt, Germany) according to German standards (Ordinance on the Quality of Water Intended for Human Consumption; Trinkwasserverordnung, 1990). The agar plates were incubated at 22° ± 2°C and 36° ± 1°C in an incubator for 44 ± 4 hours.

From plates, all visible colonies were counted as viable bacterial counts in CFU. The result was expressed as CFU/mL, based on 1 mL of the water sample used.

The detection of Escherichia coli (E. coli) was performed by membrane filtration according to DIN EN ISO 9308-1 (2000). After membrane filtration, the filter was applied to selective Chromogenic Coliform Agar (Merck Millipore, Darmstadt, Germany). Incubation was then performed at 36 ± 2°C for 21 ± 3 hours. The result was expressed as CFU/mL, based on 10 mL of the water sample used.




2.4 Evaluation of data

The aim of the study was to contribute to a better understanding of the drinking water quality for livestock. The results were then compared with the recommendations of the German Federal Ministry of Food, Agriculture and Consumer Protection (BMEL) for the assessment of chemical (Table 1) and microbiological (Table 2) drinking water quality.


Table 1 | Physio-chemical limits for drinking water intended for human and animal consumption.




Table 2 | Microbial limits for drinking water intended for human and animal consumption.






2.5 Statistical analysis

The samples tested were categorized according to whether they exceeded the recommended limits for use in livestock. The Pearson chi-squared test was used to determine whether there was a correlation between two categorical variables. All statistical analyses were performed using JMP® 16 (Statistical DiscoveryTM from SAS, Marlow, UK).





3 Results

The analysis of water samples over a period of 10 years (03/2004–12/2014) provided an overview of chemical and microbial contamination in drinking water for livestock.

A total of 326 samples were analyzed chemically and 519 samples were analyzed microbiologically. Water samples were taken throughout the year in spring (n = 200), summer (n = 280), fall (n = 191) and winter (n = 174).



3.1 General information of farms

All farms were located in the Northwestern part of Germany (Lower Saxony and North Rhine-Westphalia). Among the participants, 61.1% (n = 317) were involved in swine farming (fattening pigs and sows) and 38.9% (n = 202) engaged in poultry farming (broiler). Of these, a total of 326 (62.8%) used well water and 193 (37.2%) tap water. In total, 36.6% (n = 74) of poultry farmers and 79.7% (n = 251) of pig farmers used well water. All farms were conventionally managed. In general, farm managers felt the need to improve animal health in the barn and were open to improving drinking water management. The motivation for participating in the study was to solve barn problems or improve overall animal performance.




3.2 Results of chemical analysis

Results of pH, hardness, ammonium, chloride, iron, manganese, nitrate, nitrite, and sulfate values from laboratory analysis of water samples were compared to recommended limit values from the BMEL (BMEL, 2007). Average values, maximum, minimum, and the percentage of unsuitable samples are shown in Table 3.


Table 3 | Results of chemical analysis of water samples (n = 326) from German pig and poultry farms and comparison with German limit values.



The percentage of water samples exceeding the chemical recommended values were similar for the poultry farms and pig farms. In total, 55.6% (140/252) of samples taken from pig farms and 51.4% (38/74) of samples taken from poultry farms exceeded limit values for chemical agents. More samples from pig farms (36.5%) were higher in Iron compared to poultry farms (21.6%). In contrast, the German degree of hardness (> 15°dh) was increased more often in water from poultry farms (27.0%) than for pig farms (19.4%).




3.3 Results of the microbiological analysis

Results of microbiological values (CFU at 20°C; CFU at 36°C, E. coli) from laboratory analysis of water samples were compared to recommended limit values from the BMEL (2007). Average values, maximum, minimum, and the percentage of unsuitable samples are shown in Table 4.


Table 4 | Results of microbiological analysis of water samples (n = 519) from German pig and poultry farms and comparison with German limit values.



The proportion of water samples exceeding microbiological limits was similar for poultry and pig farms. In total, 49.5% (157/317) of the samples from pig farms and 42.6% (86/202) of the samples from poultry farms exceeded the limit values.

In total, a higher proportion of samples were found to be non-compliant with chemical guidelines (58.0%) compared to microbiological guidelines (47.4%).

Values exceeding the limits for 20°C were similar in spring (28/110; 2.5%), summer (54/177; 3.1%), fall (34/121; 2.8%) and winter (40/3.6%). There were slightly more samples exceeding the microbiological limit values at 36°C in winter (59/111; 53.3%) compared to spring (42/110; 38.2%), summer (78/177; 44.1%), and fall (65/121; 46.3%). In summer E. Coli was detected more frequently (13/177; 7.3%) compared to spring (2/110; 1.8%), fall (4/121; 3.3%) and winter (3/111; 2.7%).




3.4 Results of statistical analysis

A total of 80 water samples were analyzed simultaneously for chemical and microbiological contaminants. According to the Chi-Square test, there was no correlation (p = 0.5269) between water samples exceeding chemical and microbial guideline levels.

There was also no significant association between the season and elevated microbiological (p = 0.2535) or chemical (p = 0.0882) levels. There was a trend that E. coli was detected more frequently in summer. However, this was not significant (p = 0.1648).





4 Discussion

Providing drinking water in adequate quantity and quality is as important as providing energy and essential nutrients through feeding. This is mandatory to maintain animal health and performance; as well as food quality and food safety. Water availability and water quality are essential for animal health in any case, but are particularly important for livestock produced under intensive conditions. The interaction between drinking water contaminants and suboptimal nutritional status in farm animals has been found to have significant implications for performance and immune function (Vodela et al., 1997). Water plays a critical role in many physiological functions (Gonyou, 1996). A lack of water can cause serious welfare problems as it can disrupt biological functions and has been linked to disease and, in cases of extreme deprivation, even death (von Keyserlingk et al., 2016). Field experience has further demonstrated that variations in water quality, both between different farms and even within a single complex from one well to another, can lead to noticeable differences in animal performance, behavior, and welfare (King, 1996; Zimmermann and Douglass, 1998). Another reason to prioritize basic hygiene and ensure the quality of water is the administration of substances (e.g., vaccines, antibiotics) through drinking water. Water serves as a medium for delivering various products and should be free of any substances that may interfere with their effectiveness. It has been observed that poor water quality can potentially reduce the effectiveness of vaccines and medication administered through water lines (van der Sluis, 2002). Therefore, livestock farmers are responsible for ensuring that their animals have access to sufficient water of good quality at all times. The existing reference values of the Drinking Water Ordinance or the Federal Ministry of Food and Agriculture can be used to assess water quality (BMEL, 2007; Kamphues et al., 2007). However, these values are not legally binding for drinking water for animals.

Based on the legal framework, this study describes the quality of drinking water for German pigs and poultry retrospectively, considering both biological and physio-chemical contaminants as criteria. In total, a higher proportion of samples were found to be non-compliant with chemical guidelines (58.0%) compared to microbiological guidelines (47.4%). This indicates a greater need to track and address chemical contaminants within the samples tested, as they tend to exceed recommended limits more frequently than microbiological contaminants. A total of 80 water samples were tested simultaneously for chemical and microbiological contaminants. However, there was no correlation between water samples exceeding chemical and microbial guideline levels, indicating that chemical constituents do not necessarily increase the risk of microbial contamination. This could, moreover, indicate the need for more sophisticated analytical methods or a deeper investigation into potential interactions between these contaminants. Nevertheless, the substantial number of unsuitable water samples underlines the fundamental need to improve the overall quality of well water. After all, water is one of the most important and often underestimated nutrients.

The main reason for non-compliance of drinking water based on the chemical parameters was iron (Fe). This is not surprising, as iron is one of the most common metals in the Earth’s crust. In the analyzed water samples, iron levels ranged from 0.03 to 101 mg/L, with 32.8% (107/326) exceeding the guidance value (< 3 mg/L) set by the Federal Ministry. According to the limits for human consumption (< 0.2 mg/L), as many as 59.2% (193/326) of the water samples were unsuitable for drinking. It is known that higher levels of iron in drinking water can affect acceptance and thus reduce water intake in livestock (Genther and Beede, 2012). In addition, iron has been reported to support the growth of E. coli and coliforms (Grandjean et al., 2006; Wingender and Flemming, 2011; van Eenige et al., 2013). However, only a few studies have been published, so it is difficult to make reliable statements about the influence of iron in drinking water on the behavior and performance of different livestock. Nevertheless, it has been found that metallic water can impair the effectiveness of drugs (e.g., tetracyclines) (Goronczy and Piontkowski, 1999; Ungemach, 2003). In addition, water constituents may reduce the effectiveness of vaccines administered through water pipes (van der Sluis, 2002). In any case, a high iron content in the water will certainly cause abrasion in the pipes. In the case of heavy deposits (incrustations), hydraulic performance is no longer guaranteed. The required amount of water may not be able to flow through the pipe system. In addition, heavy metal deposits in the water are often impossible to remove and replacement of the pipe sections is mandatory. There are many techniques for removing iron from drinking water. These include ion exchange and water softening, the use of activated carbon and other filtration materials, supercritical fluid extraction, bioremediation, and limestone treatment (Andersen and Bruno, 2003; Aziz et al., 2004; Berbenni et al., 2000; Munter et al., 2005; Vaaramaa and Lehto, 2003). Other methods include oxidation by aeration, chlorination, or ozonation, followed by filtration, or using ash, aerated granular filters, or adsorption (Cho, 2005; Das et al., 2006; Ellis et al., 2000; Tahir and Rauf, 2004). Aeration and separation are the most used methods for iron removal in public water systems (Ghosh et al., 2008). Based on the findings of several farms that used well water for their livestock in this study, it is recommended that water treatment systems be installed upstream. This helps to remove chemicals from the drinking water. However, de-ironing may not be applicable to all types of well water. Therefore, it is advisable to take a sample of the water first and consult with the different suppliers available on the market.

Manganese (Mn), another common metallic element, is typically found in air, soil, food, and water. Although is a vital nutrient, excessive levels can disrupt the normal functioning of the nervous system (Avila et al., 2013). In occupational settings, long-term exposure to manganese has been identified as a potent neurotoxicant, capable of causing motor and cognitive deficits and neuropsychiatric symptoms in humans (Rodier, 1955). More recent studies have investigated the health hazards associated with environmental exposure to this metal, suggesting potential psychological and neurological abnormalities (O’Neal and Zheng, 2015). Children are thought to be particularly vulnerable due to the ongoing development of their nervous system, a higher exposure dose relative to body weight, and their immature homeostatic mechanisms (Zoni et al., 2007). There are numerous areas in North America and other parts of the world where water contains high levels of manganese (Frisbie et al., 2012). Groundwater can naturally contain high levels of manganese due to the erosion and seepage of manganese-containing minerals. Concerns about excessive manganese in the water were often expressed during the interviews. However, only twice (0.6%) the limit value for livestock was exceeded. It is noteworthy that according to the limit values for human consumption, only 23.9% (78/326) would have been suitable for human drinking water according to the limits for human consumption. Like iron, manganese can cause deposits and interfere with the effectiveness of active ingredients. Therefore, water treatment systems may also be appropriate for manganese, even if the water is within the range of values suitable for livestock.

Another parameter that was often mentioned causing problems due to clogged spray cooling systems or deposits on equipment (e.g., for vaccination or cleaning equipment) was water hardness. Water hardness is the sum of calcium and magnesium. Calcium and magnesium ions have a great positive physiological significance, but they interfere with some water applications (Denton et al., 1980). It is divided into soft (< 8.4°dH (German degree of water hardness), medium (8.4 to 14°dH) and hard (> 14°dH) ranges. Although there are no exact guideline values for water hardness, a high content of carbonate compounds can lead to calcification of pipes and drinking equipment (filters, suppliers), so hard water should be avoided (Kamphues et al., 2007). In the present study, 24.5% (80/326) of the water samples analyzed had a hardness > 15°dH, indicating calcium carbonate (CaCO3) in the water above 2.5 mmol per liter. There appears to be no reliable study on water hardness and its effects on animal health. In contrary, several epidemiologic studies have shown an association between the risk of cardio-vascular disease, growth disorders, reproductive dysfunction, and other health problems in humans and the hardness of drinking water or its magnesium and calcium content (Sengupta, 2013). However, the tendency to form insoluble compounds is the main reason why water hardness is considered an important quality characteristic. Hard water can lead to calcification, which promotes the formation of biofilms and can reduce the cleaning power of certain products (Abeliotis et al., 2014). In addition, it decreases the effectiveness of enrofloxacin treatment in livestock (Sumano et al., 2004). Therefore, hard water may not harm animals directly, but can have an indirect effect on animal health. Therefore, if water hardness is present (> 14°dH), softening can not only extend the life of the pipe system, but also indirectly maintain animal health. Water softening primarily involves chemical precipitation and ion exchange (Ahmed et al., 1998). In chemical precipitation, alkaline additives raise the pH of the water and convert bicarbonates to carbonates. However, this cannot completely remove water hardness due to the limited solubility of calcium and magnesium carbonates (Ahmed et al., 1998; Rengaraj and Moon, 2002; Bailey et al., 1999). Ion exchange systems, commonly used in commercial and industrial applications, remove ionic contaminants. They typically contain strong acid sulfonic acid or weak acid carboxylic acid functionalities (Ahmadpari et al., 2022). Ion exchange is cost effective when using inexpensive exchangers such as zeolites (Townsend and Coker, 2001). The promotion of softened drinking water is even expected to reduce the consumption of detergents, soap, cleaning agents and even energy (Godskesen et al., 2012). Therefore, if hard water is present, water softening may not only inhibit calcification, but may also be sufficient for animal health and performance as well as being economically advantageous.

Nitrate (NO3−) and nitrite (NO2−), which naturally occur in water, are oxidized forms of nitrogen. In regions with intensive agriculture, N-compounds are often introduced in the form of nitrate (Giammarin and Quatto, 2015). If there is a possible parallel bacterial contamination of the water the nitrate can also be converted into nitrite (= reduction) (Shukla et al., 2021). Excessive levels of nitrates can lead to environmental pollution of water bodies and pose a risk to human health if the polluted water is used for drinking. Therefore, the Council Directive 91/676/EEC concerning the protection of water against pollution caused by nitrates from agricultural sources aims to reduce nitrogen pollution from livestock in Europe to protect water bodies from nitrate pollution and to safeguard human health (European Commission, 1991). It focuses on the impact of cattle, sheep, pigs, and poultry on territorial loads. Previous studies have shown that an increased nitrate concentration in drinking water has no harmful effects on the health of weaner pigs (Anderson, 1978). However, nitrite in drinking water significantly reduced their average daily weight gain and feed consumption (Veenhuizen et al., 1992). In this study, nitrate ranged from 0.01 to 224.00 mg/L and nitrite from 0.01 to 142.00 mg/L. There were few water samples that exceeded the limits set for livestock water. Thus, according to our results, excessive nitrate and nitrite levels in drinking water seem to be rather rare at 0.3% (1/326) and 0.6% (2/326), respectively. Nonetheless, if the values set for human consumption (< 50 mg/L) are considered, significantly more water samples (17.8%; 58/326) exceed the limits for nitrate. While high levels of nitrates and nitrites in drinking water are rare for livestock, stricter monitoring and control measures are necessary when considering human consumption standards. This is particularly true for well water that may also be used for domestic purposes, indicating the need for regular testing.

Sulfate (SO42−) can be found in the environment due to atmospheric and terrestrial processes. Increasing levels of sulfate in surface water, a byproduct of industrial growth, is a growing concern worldwide (Moreno et al., 2009). This is mainly because of the effect of sulfates on the taste and odor of water as sulfates give water an unpleasant taste. The recommended maximum sulfate content in drinking water for farm animals is set at 500 mg/L (Kamphues et al., 2007). With 1.94–1,110 mg/L sulfate, only 1.2% (4/326) of the water samples analyzed were not within the recommended values for Germany. Sulfates cause non-pathogenic (osmotic) diarrhea and are a major cause of poor water quality in some regions (e.g., North America) (Gomez et al., 1995). For Northwest Germany, the results suggest that high sulfate levels in drinking water are a less common cause of poor water quality. Furthermore, there is no evidence for a negative influence of high sulfate levels on the health of pigs. Sulfate concentrations in water of 400 mg/L do taste bitter to humans and have a diarrheal effect (Chien et al., 1968). However, it has been reported that humans have adapted to this taste and that water consumption can increase over time at high sulfate concentrations (Chien et al., 1968). In pigs, a concentration of 1200 mg/L sodium sulfate per liquid feed had no effect on feed intake (Gomez et al., 1995). In addition, studies have shown that neither growth nor daily gains are affected when pigs ingest high amounts of sulfate via the drinking water (Veenhuizen et al., 1992; Tremblay et al., 1989). Nevertheless, higher SO42− concentrations in drinking water can influence the fecal condition of calves and pigs (from approx. 500–600 mg SO42−/L) (Kamphues et al., 2007). Even higher SO42− levels (e.g., > 2,500 mg SO42−/L) can even lead to severe clinical symptoms in cattle (Stöber and Scholz, 2002). In short, increased sulfate levels in the tested water are rather rare, although it must be decided on a case-by-case basis whether the water is suitable for the animal species. It should certainly be taken into consideration if, for instance, in pig farming there are different locations, and the piglets are moved to a barn with a different water supply that has a higher sulfate content. In this case, water intake could be affected.

The pH (pondus hydrogenii) is a measure used to determine the amount of hydrogen ions present in a given medium, indicating whether it is acidic, neutral or alkaline. In relation to water, which has a pH scale of 1 to 14, the pH indicates its degree of acidity or alkalinity. However, it should not have a major impact on water acceptability. In general, drinking water with a pH value of 6–9 is considered acceptable for livestock (Kamphues et al., 2007). The results of the long-term study show that 6.7% (22/326) of the analyzed water samples exceeded the recommended pH values for livestock. Although the exact effects of pH on water intake or animal health are unknown, the influence of pH on the solubility and stability of pharmaceuticals has been demonstrated (Dorr et al., 2009; Kotb et al., 2019). In addition, high or low pH values can significantly affect the efficiency of certain water treatment systems, such as chlorine with an optimal pH of 5–6 (Keswick et al., 1978). Exemplarily, it was demonstrated that water with a pH over 8.5 lowers disinfectant capability of chlorine (Nakagawara et al., 1998). As a result, it may not work optimally as a disinfectant in 93.3% (304/326) of the water samples analyzed. This is a surprisingly high number and indicates that the pH value is usually underestimated. According to a previous study, the pH of rainwater and reservoir water shows a significant seasonal trend; the average pH was 5.7 in spring, 5.8 in summer, 4.6 in fall and 4.5 in winter (Lee et al., 2010). This was not found in the well water tested in this study. There were similar pH values of 6 in spring, summer, and winter as well as of 7 in fall without significant differences. It is known that extreme pH values can lead to corrosion in the pipe system (Kamphues et al., 2007). However, the negative effect on substances administered via drinking water can be significantly influenced, which is a far greater reason to check the pH value and keep it at a level of 5–8.

The total bacterial count in the water provides information about the general microbiological status of the water. As different bacteria grow differently at different temperatures, the total bacterial count in the water is determined at both 20°C and 36°C. According to the German guideline values, the total bacterial count in drinking water should not exceed 10,000 CFU at 20°C and no more than 1,000 CFU at 36°C (Kamphues et al., 2007). An increased colony count at 20°C indicates common germs in the water that are potentially less harmful. An increased colony count at 36°C is more problematic because it corresponds to the body temperature of mammals. Overall, 30.3% of the water samples examined exceeded the total bacterial count at 20°C and 44.9% exceeded the total bacterial count at 36°C. High microbiological levels may indicate poor water management, which can lead to excessive biofilm growth. This could also be due to animal contamination or sampling error. If this were the case, higher bacterial counts and less conclusive drinking study results would be expected. However, in this study, the majority of water samples – more than half – were found to be within acceptable limits. This suggests that the sampling procedures were performed correctly. The primary goal of these tests was to evaluate the quality of the water ingested by the animals and to improve hygiene management. This study was conducted retrospectively, which is generally a faster and less expensive approach as it uses existing data. Nevertheless, it is important to note that this method also has its limitations. Participation was voluntary, and water sampling was offered as an extra service. This could introduce bias into the study, because these farms may have had a pre-existing interest in water quality issues. As drinking water guidelines were already published in 2007 (BMEL, 2007), the attitude of farmers may have changed and drinking water management has been adapted. However, the data for the period after 2007 did not show any significant improvement in drinking water quality. In addition, the quality of a retrospective study depends heavily on how accurately and reliably the original data were collected. Relevant data for potential factors influencing the results (e.g., material, temperature) cannot be documented afterwards. In general, a high microbiological load in the water is an indication of contamination in the pipe system. Thus, the results can still provide valuable information about the quality of drinking water for animals. It is likely that the high microbial levels in the barns reflect the presence of biofilms, which are gel-like layers of polymeric matrix that harbor microorganisms (e.g., bacteria, yeasts, protozoa) and can be generated on solid surfaces (Wingender and Flemming, 2011). In this layer, microorganisms are very well protected from environmental influences. It is assumed that biofilms are a habitat for 90% of all bacteria and provide an optimal habitat for pathogenic microorganisms such as bacteria, viruses, and parasitic protozoa (Wingender and Flemming, 2011; Lumb et al., 2017). Furthermore, biofilms can also act as a sorption matrix that soaks up substances from the water, which can accumulate in the biofilm and remain within the biofilm for long periods (Flemming and Leis, 2002). Hygienically relevant microorganisms can colonize pre-existing biofilms and serve as a source of water contaminants that pose a potential health risk to animals (Jacques et al., 2010; Wan et al., 2021). While this study provides valuable insights into water quality for poultry and pigs, it is important to note that water quality can evolve with husbandry and management practices. Therefore, further research comparing these results with more recent water quality data is recommended. However, recent studies have shown that a significant number of poultry farms in Austria and Mozambique have high microbial loads in drinking water (Augusto et al., 2022; Mustedanagic et al., 2023). This finding is in line with the present study and highlights the need for ongoing monitoring and research into livestock drinking water quality to ensure efficient water line management.Escherichia coli is a widely studied indicator of fecal contamination. The recommended limit for this bacterium in animal drinking water is no more than 10 CFU in a 10 mL sample. In our study, we found that 4.2% (22/519) of the water samples exceeded this guideline. This was most prevalent in the summer, with 7% (13/177) of the samples exceeding the limit. This suggests that there is a potential for drinking water contamination, particularly during the warmer months, and indicates the need for water quality monitoring during this time. In contrast, the total bacterial count at 20°C and 36°C tended to be observed more frequently in winter, but this was not statistically significant. In a previous study a significant difference in microbial drinking water quality was found between winter and summer, with effect sizes ranging from small to large (Kamal et al., 2024). Notably, we found no correlation between the presence of E. coli and the physical or chemical properties (e.g., iron) of the water. This is consistent with previous research on the presence of E. coli in biofilms of European drinking water networks (Juhna et al., 2007). However, as mentioned above, iron is thought to promote the growth of E. coli (Grandjean et al., 2006; Wingender and Flemming, 2011; van Eenige et al., 2013). In this long-term study this could not be confirmed. There is a clear need to continue to explore this topic, especially given the observations made in this study.

Contamination can originate from the water source itself, especially well or surface water. One important study found that approximately 60% of vulnerable wells and half of initially non-vulnerable wells tested positive for signs of fecal contamination (Hruskova et al., 2016; Macler and Pontius, 1997). Nevertheless, the main problem in livestock production is that microorganisms enter the water system from the drinking trough and form biofilms, which have significant hygienic consequences. Therefore, it seems necessary to regularly clean the drinking water installation system and to remove remaining biofilm. A previous study showed that water troughs for laying hens carry a minimal bacterial load if they are cleaned daily (Folorunso et al., 2014). Proper biofilm removal is critical to protect new animals from previous pathogens. Measures include prevention, rinsing, cleaning, and disinfection. Based on the results of a previous study, it can be deduced that longer-lasting drain cleaning methods tend to produce better results than shorter methods (Vogel et al., 2020). In addition, the results suggest that rinsing with water alone can have a significant cleaning effect. Therefore, combining physical cleaning through rinsing with the use of chemical cleaning substances enhances the overall cleaning effectiveness. While proper sanitation of the water lines and tanks is important, it is also necessary to ensure that no residues of cleaning and/or disinfectant products are detectable, as this may have a negative effect on animals and also a negative effect on the efficacy of pharmaceuticals administered via drinking-water.

Various options are available for the subsequent disinfection of drinking water pipe systems. The selection of a disinfectant for drinking water depends on the type and characteristics of the water, the application, and the intended use. Disinfectants can inhibit the growth of micro-organisms, such as bacteria and fungi, or have a lethal effect on viruses (Maris, 1995). Generally, disinfectants can be categorized into two main groups: oxidizing and non-oxidizing disinfectants (Fisher, 2003). Oxidizing disinfectants are those that contain halogens like chlorine, iodine, and oxygen-releasing substances, while non-oxidizing disinfectants are those that bind to structures, such as quaternary ammonium compounds and amphoteric. According to the Drinking Water Directive, chlorine (Cl), chlorine dioxide (ClO2), sodium hypochlorite (NaOCl), and ozone (O3) can be used for drinking water treatment (Trinkwasserverordnung, 2001). For instance, disinfecting drinking water with NaOCl can significantly reduce bacteria, including potential pathogens and biofilm-forming bacteria, in nursery water lines without affecting endotoxin concentrations (Böger et al., 2020). Today, there is a wide variety of products available for the disinfection of drinking water. All of them have their advantages and disadvantages. Therefore, certain factors must be considered when finding the right product for the individual application. There is a need for more comprehensive studies of water quality and available drinking water disinfectants for safe and effective use in animal agriculture. What would also be of interest is the action that takes place from the knowledge of water quality. In a previous study, the risk of an incorrect flow rate across all drinkers impacting water intake appeared significantly lower on farms participating in the German ITW program (Schale et al., 2022). In addition, the ITW farms performed significantly better across all weight classes. Thus, there is evidence that poor drinking water quality can affect livestock productivity and welfare. However, it is also possible that actions were taken after the water quality was observed, as testing of water quality and flow rate is mandatory for participants. This observation clearly needs further investigation. The psychological level of how farmers decide to improve their water management would be beneficial.

The quality of the water changes during the process steps and can reach the animal differently than it enters the front of the barn. In the case of German tap water, municipalities are responsible for creating clean tap water through extraction, treatment, and distribution. However, they only guarantee water suitable for human consumption up to the first point of use. After that, the barn manager is responsible for drinking water quality. This includes the entire drinking system, including management and materials. Based on personal experience in the livestock sector, technically suitable but hygienically unsuitable (e.g., promoting microbial growth) materials are often used. Depending on the material, the growth of biofilms can be favored (Lehtola et al., 2004). In addition, the temperature may have a significant influence on biofilm growth in the piping system. Measuring the temperature of the water sampled and documenting the materials used would have provided a more detailed picture of the technical influence. In the future this should be investigated in more detail. The effect of drinking water quality and installation on animal welfare also need to be studied for future husbandry decision-making. Pool drinkers have the distinct advantage of allowing pigs to access water from an open surface, which corresponds to their natural behavior as suckling pigs (Boxberger, 1986). As the current study only sampled nipple drinkers, a comparison with other water installations (e.g., pool drinkers) would be interesting.

Feed and feed management in animal husbandry are a widely studied field. Nevertheless, there is a lack of knowledge not only about water quality, but also about the drinking behavior of animals. Water intake can be limited by both quality and quantity, and factors such as overcrowding at the water source due to management practices can also negatively affect water consumption. Severe water shortages can negatively affect productivity, behaviour, and welfare status of chickens (El Sabry et al., 2023). In pigs, flow rates that are too low can result in inadequate water consumption, leading to thirst and discomfort (Andersen et al., 2016). Discomfort can lead to stress, which may result in tail and ear biting. On the other hand, too high a flow rate can also hinder water intake. Therefore, the flow rate of the drinking troughs must be sufficient for the animals and should be investigated in further studies.

Taking water samples is currently an easy and inexpensive way to assess the water condition. However, taking only water samples for evaluation has its limitations. Since the composition of microorganisms in water is different from that in biofilm on surfaces, the conclusion may be limited. In general, sampling of biofilms makes more sense than that of water, as water samples provide only limited information about the location and extent of biofilms. However, the sampling of biofilms is associated with a very high level of effort. In addition, biofilms are not necessarily evenly distributed in the drinking water system. Taking multiple swab samples at different points in the system could provide a better understanding of the microbial composition. In addition, our study was limited to a specific region in Germany, which may not be transferable to other regions in the South or East of Germany. Furthermore, the results shown may differ in other regions with different environmental and agricultural conditions.




5 Conclusion

The availability and quality of water are critical to animal health, especially in highly productive livestock. This study highlights the potential risk of chemical compounds in animal drinking water and the need for hygienic measures to prevent the spread of micro-organisms through water. It also underlines the critical role of maintaining clean water supplies, not only for animal health, but also as a key factor in sustainable farming practices and responsible use of resources. A good understanding of the composition of the water as well as the processes during distribution makes it easier to identify any weak points at an early stage. Regular monitoring of drinking water quality and the implementation of preventive hygiene measures are strongly recommended. Further research is needed to determine the potential risk of poor drinking water quality for both animal health and water intake. While water samples provide insights into water quality, combining water sampling with sampling of the biofilm could offer a more complete understanding of the water quality.
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