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KEY POINTS

Water is arguably the most overlooked nutrient in domestic livestock production.

e Water quality is typically measured by analytical procedures which, although very accu-
rate and reproducible, require some judgment to apply to situations in the field.

e Total dissolved solids is a commonly used test in water quality for human use, but is less
than useful for livestock use.

“Hardness” is another test commonly reported in potable water quality analysis, but is
better suited to laundry than livestock health.

INTRODUCTION

Water is arguably the single most important nutrient for livestock. It is the most abun-
dant component of the animal body in all phases of growth and development. Animals
can survive for a week or more without food, but death is likely in a matter of days
without adequate water intake. Water is involved in virtually every physiologic process
essential to life: water is the medium in which all chemical reactions in the body take
place; blood, which contains more than 80% water, moves oxygen and carbon diox-
ide to and from the tissues; it distributes nutrients, wastes, and chemical signals
throughout the body; it provides the chemical base for nutrient digestion within, and
uptake from, the gastrointestinal (Gl) tract. Owing to water’s high specific heat, it com-
promises an ideal temperature buffering system for the body. Restricted water intake
lowers feed intake and nitrogen (ie, protein) retention, and it increases nitrogen loss in
the feces. Animals may survive a loss of nearly all the fat and about one-half of bodily
protein, but a loss of about one-tenth of body water results in death.

Obviously, an adequate supply of clean water is essential to the health of all animals.
Under most livestock management systems, water is the cheapest and most readily
available nutrient. Unfortunately, and probably because of this fact, it is also the
most overlooked nutrient. Sources of dietary water include wells or surface runoff,
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water contained in feedstuffs (lush grass may consist of as much as 75% water), and
metabolic water obtained from the oxidation of fat and protein in the body. In the arid
Western United States, good quality water is a scarce commodity, and livestock are
often forced to survive on what might be charitably described as less than perfect wa-
ter owing to competition from urbanization, mineral extraction, and so on. In most
cases, these animals do surprisingly well, but poor quality water has resulted in acute
illness and death. Poor quality water also robs producers via decreased performance
(growth, reproduction).

Water consumption is influenced by many factors, including genetics (species or
breed), age, body size, ambient temperature and humidity, water temperature, and
production level. For example, cattle (a species that has been studied extensively)
consume an average of 2 to 4 L of water for each kg of dry matter consumed and
an additional 3 to 5 L of water per kg of milk produced; however, this average varies
dramatically with temperature, especially when the environmental temperature ex-
ceeds the thermoneutral range. For example, a 273-kg (600 Ib) feeder steer drinks
22.7 L at 5°C or below; at 21°C (70°F), he needs 33 L but at 30°C (roughly 86°F) he
requires 54 L or 20% of his body weight (BW) per day." At 39°C (roughly 102°F), he
would require 116 L.? Rations high in sodium, fiber, or protein also increase water re-
quirements.>“ For example, horses consume twice as much water while on a hay diet
compared with a high concentrate diet at the same temperature.® A lactating beef cow
requires nearly twice as much water (64 L or about 16% of her BW) per day at 21°C as
the same cow (32.9 L, 9% BW) when dry at the same temperature, and a high-
producing dairy cow of similar size needs 90 L, or nearly 20% of her BW under the
same conditions.>%’

The amount (dose) of any water-borne toxicant ingested by a given animal is deter-
mined both by the concentration of the substance in water and by the amount of water
the animal drinks. Water intake is technically defined as free drinking water plus the
amount contained in feedstuffs; however, for purposes of simplicity, | have assumed
animals are consuming air-dried hay or senescent forage with a minimal (10%) water
content and use the term “intake” to describe the amount of water consumed volun-
tarily by animals from streams, ponds, wells, and so on.

The amount an animal drinks is determined by true thirst and appetite. By definition,
true thirst is the physiologic drive to consume sufficient water to meet minimum meta-
bolic needs; however, most animals also exhibit an appetite for water and consume
more than is strictly necessarily to satisfy true thirst.® Reasons for the latter are
many, varied, and do not lend themselves to quantitative prediction. | therefore disre-
garded appetite in calculating doses from water intake, but instead used conservative
estimates of thirst in such calculations by disregarding forage water content. Most cal-
culations of potential toxic doses in the table at the end of this article are thus based on
273-kg (600-Ib) feeder cattle that drink approximately 20% of their BW, or about 8 L/kg
of dietary dry matter, per day, at 32°C (90°F). This amount may not provide adequate
protection for high-producing dairy cattle or in especially high environmental temper-
atures, but is a reasonably conservative for range livestock (beef and sheep) and
weather conditions typical of the North American high plains. Although | make note
of data related to swine, virtually all modern swine are raised in intensive operations
that draw water from systems (municipal, water district, etc) that are maintained ac-
cording to human standards. Similarly, alternative agricultural species such as llamas
and bison are not included, in part because of a scarcity of data.

Water quality is commonly evaluated by chemical methods that are designed to be
very reproducible and very specific. As a result, the process of analyzing water is
straightforward, and many tests are readily available commercially. Unfortunately,
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translating these very precise, formal, data to practical recommendations for livestock
is less cut and dried. As noted by Dr Art Case, the dean of veterinary toxicologists,
“sometimes the cow just didn’t read the book.” First, many toxicants in water act addi-
tively with the same toxicant in feedstuffs. In most such cases, the bottom line is not
necessarily the concentration in water, but rather the total milligrams of toxicant
ingested per kilogram of the animal’s BW (commonly expressed as “mg x/kg BW”).
In such cases, the recommendations in this article must be adjusted in light of the
particular situation at hand.

Second, chemical water quality tests do not usually measure the specific chemical
form of the toxicant present. For example, selenium as selenite or selenate behaves
quite differently in the mammalian body than does selenomethionine, but the typical
laboratory just reports total selenium. The recommendations are based on the chem-
ical form most likely to be present in typical surface waters and noted any caveats that
should be considered if the water source is not typical. In the absence of other data, |
have assumed the free ion in water is equivalent on a milligram per kilogram of BW ba-
sis to the same chemical in feedstuffs.

Third, typical chemical tests do not differentiate between animal species. For
example, some substances are more toxic in ruminants than monogastrics as a result
of their unique physiology, whereas some are less. For simplicity’s sake, recommen-
dations are based on the most sensitive of the common agricultural species.

Fourth, many toxic substances interact with other toxicants and/or nutrients in the
diet. | have tried to enumerate such interactions in the narrative if they are well-
documented and, where possible, account for them in the bottom line calculations
of acceptable water concentrations.

Finally, the rate of exposure influences the potency of many toxicants. A bolus dose
of nitrate (NO3), given via a stomach tube, is much more toxic than the same amount
spread over an entire day’s grazing. Under summer range conditions typical of the
Great Plains, livestock drink once, or, at most, twice a day. | have, therefore, assumed
all the water-borne daily dose of a given substance will be consumed during a fairly
short period, once or twice a day.

Water quality constituents in this report were drawn from common water quality
guidelines, prioritized according to how closely, in the author’s experience, existing
rangeland concentrations approached these guidelines. For example, mercury is
much more toxic than many of the elements listed, but it is rarely present at detectable
concentrations typical livestock water. Copper is a real problem in aquatic organisms,
but copper deficiency is a much bigger problem in livestock than copper toxicity.

As noted elsewhere in this article, the interaction of water quality and animal health
is considerably more complex than just x milligrams of y per liter of water. For
example, many factors have been suggested to influence the palatability of water
for animals. Decreased consumption owing to bad taste is potentially just as harmful
as water deprivation,* yet the state of the art regarding palatability remains largely
qualitative and anecdotal. Acid pH may mobilize toxic metals from plumbing or
soil, but the particular effect of a given pH is obviously very dependent on the local
situation.

Safety margins are often more a matter of judgment rather than purely objective cal-
culations. The purpose of safety margins is to compensate for unknown, or unknow-
able, variables in toxicology data such as genetic variability, sex, life stage, duration of
exposure, unforeseen interactions with other toxicants, and so on. The standard prac-
tice in setting human drinking water standards for noncarcinogens has been to divide
the geometric mean of the no observed adverse effect level (NOAEL) and the minimum
toxic dose by 10 to 1000 depending on the quality of the data. Another approach used
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in the past has been to set the safe limit at the upper end of the range commonly re-
ported in natural waters where no adverse effects have been noted.

Both approaches, although unarguably safe, ignore the realities of livestock produc-
tion. Water that is so perfect as to meet these theoretically desirable criteria has
already been taken for other uses. In this article, | have taken the approach of present-
ing my best estimate of the no observed adverse effect level (ie, will not produce any
measurable decrease in performance in the most sensitive class of animal) under a
very conservative set of assumptions appropriate to rangelands and allowing the
reader to make his or her own judgment regarding safety margins based on the narra-
tive included.

Although there are many ways of expressing measurements regarding water quality
and toxicology, | have used the following conventions. The dose of a toxicant that
causes some effect is expressed in milligrams of substance per kilogram of BW or
(mg x/kg BW). The concentration of a substance in water is expressed as milligrams
of substance per liter of water or mg x/L. If the substance is ionized, and the ion is
important in terms of its toxic effects, it will be described with the standard scientific
abbreviation for the ion, for example, NO3™. Similarly, the concentration of a toxicant
occurring in dry feedstuffs is described in terms of parts per million (ppm) dry matter.

NITRATE AND NITRITE

The nitrate (NO3™) and nitrite (NO2") ions are intermediates in the biological nitrification
cycle and the primary source of nitrogen for plants from the soil. Plants accumulate
NO3™ from soil to synthesize protein via a multistep process; excessive NO3~ accumu-
lation as a result of this process may cause poisoning of grazing animals.® Nitrate or
NO,~ may contaminate water as a result of contact with natural minerals, agricultural
runoff (fertilizer, manure) or industrial processes.®"'" Nitrate is the more stable of the
two and therefore more common in surface waters.'? Nitrite usually results from bio-
logical reduction of NO3~, but it may also be an industrial contaminant or exist in
ground waters where pH and redox potential prevent oxidation to NO3~."® Both ions
are extremely water soluble and therefore water mobile.

Although the NO3™ ion is readily absorbed in the upper Gl tract and possesses
intrinsic toxicologic properties such as vasodilation, the condition referred to as nitrate
poisoning actually depends on reduction of NOs~ to NO,~ in the upper Gl tract.% 4716
This process may occur in human infants,'”>'® and, as such, is the basis of current hu-
man drinking water standards, but nitrate toxicity is primarily a problem in ruminant
species whose rumen microflora are well-suited to reduce NO3™. Radiotracer studies
indicate that NO,~, formed from NO3™~ in the rumen, may either be further reduced and
incorporated via NHz* into amino acids or reduced via nitric oxide to nitrogen and
exhaled.'® Unfortunately, neither of these pathways is as fast as the initial reduction
to NO5~, and dangerous NO,~ concentrations accumulate in the Gl tract when assim-
ilatory pathways are overloaded.'®?' Under the proper dietary conditions (mainly
adequate carbohydrates), the assimilatory pathways can adapt to high NOs™ concen-
trations, and very little NO3~ or NO,~ escape the rumen.”%2%-22-25 Systained exposure
to moderately high NO3™ diets results in induction of the assimilatory pathways, and
this ability may be acquired by transfer of Gl flora from one ruminant to another.?%-?"
Once absorbed into the bloodstream, the NO3™ ion is rapidly distributed throughout
the body water and excreted via urine and saliva, whereas the NO,™ ion is oxidized
to NO5™ via a coupled reaction with hemoglobin and eliminated as NO5~.'416,26.27

Other differences between ruminants and monogastrics in the metabolism of the
NO,~ and NOj™ ions, although not directly tied to the ruminal metabolism of NO3™,
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probably reflect evolutionary pressure of the constant background of NO,™ ruminants
receive from ruminal metabolism. The blood half-life of NO,™ is similar in monogastrics
and ruminants, but the elimination of NO3~ from blood is much slower in monogas-
trics'® and the normal background methemoglobin concentration is higher in mono-
gastrics.?® In ruminants, only a small portion of an oral dose of NO3™ is eliminated in
the urine, whereas in monogastrics most ingested NO3™ is eliminated via urine.'®

Some sources suggest the NO3™ ion is more bioavailable in water than feed-
stuffs.®~'" The experiments this conclusion was drawn from, however, were based
on aqueous NO3;~ administered directly into the stomach versus contaminated feed-
stuffs offered ad libitum."® The most important determinant of NO3~ toxicity seems
to be how rapidly a given dose of NO3™ is administered, rather than whether it is in
feed or water.’%2%20 For example, the single oral median lethal dose of NaNOj in
cows was reported to be 328 mg/kg BW when given at once, but when the same
dose was spread over 24 hours, the median lethal increased to 707 to 991 mg/kg.*°

Although the most common source of NO3™ poisoning in livestock is contaminated
feedstuffs, NOjz -contaminated drinking water has poisoned people and ani-
mals.'®3133 The mechanism of poisoning involves Gl microbial reduction of the
NO3™ ion to NO,~, which is absorbed into the bloodstream where it oxidizes the ferrous
iron atoms (Fe2*) in hemoglobin to the ferric (Fe3*) state, resulting in methemoglobin,
which cannot transport oxygen from the lungs to the rest of the body. The exact mech-
anism by which hemoglobin is oxidized is the subject of some controversy, but it is
currently thought to be a multistep autocatalytic process involving several free radi-
cals.?” The product of this reaction is NO3~, which is eliminated via urine and saliva.
As might be expected, the clinical signs of acute NO3 poisoning (cyanosis, hyperpnea,
muscle tremor, weakness, collapse, and death) reflect the effects of anoxia on critical
organs such as the brain and heart. Pregnant animals that survive episodes of acute
NO; poisoning during the latter part of pregnancy may abort within 1 to
2 weeks.>>**37 Poisoning during earlier pregnancy does not usually result in
abor‘tion.1 1,30,32,38

Textbooks suggest that NO; is approximately 10-fold more toxic in ruminants than
monogastric animals.’® Burwash and colleagues®® fed 6 mares high NO3 (1.7%—
1.85%) oat hay for 13 days. Although the serum NO3s™ concentration increased signif-
icantly, there was no change in methemoglobin concentration, no effects on blood
chemistry parameters, and no clinical signs of poisoning. They concluded it is safe
to feed horses diets containing 2% NOs and “likely much higher” concentrations.
Mice exposed to drinking water containing 1000 mg NO37/L for 18 months excreted
more ammonium ion than controls early in the study, but did not show any signs of
poisoning.*° Seerley and colleagues*' fed water containing 1465, 2900, or 4400 mg
NO3s;7/L as NaNOg to weanling pigs for 84 days with no effect on the rate of gain, water
consumption, or clinical signs of toxicity. The difference in toxicity between animal
species is not nearly as pronounced for NO,."® Although rare, monogastric animals
have been acutely poisoned by the NO,~ ion from water*? and feedstuffs.*®

Wright and Davison** reviewed the literature and concluded the median lethal dose
of NOs in ruminants was between 700 to 985 mg NOs/kg BW when fed as dry feed.
Experimentally, sheep have been acutely poisoned by NO; doses as low as
300 mg/kg BW?"23:26:45; however, doses as large as 800 mg/kg BW have been fed
without measurable effects.?":?425344546 Fig|d reports have incriminated feedstuffs
containing as little as 2% ppm dietary NO3 (which would provide about 500 mg
NOz/kg BW) as causing acute lethality in sheep.*”“® Experimentally, 3.4% dietary
NOs, fed as pigweed or oat hay killed 2 of 5 ewes. The lethal dosages, calculated
from consumption data, were 660 and 730 mg NOs/kg BW, respectively. Campagnolo
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and colleagues®® reported the accidental poisoning of several animals, including
sheep, by water containing 6000 mg NO37/L at a county fair; however, the water con-
tained several other substances that might also have been toxic.

Cattle have been experimentally poisoned by as little as 520 mg/kg BW NOj3 incor-
porated into feedstuffs,38:44:5951 and as little as 200 mg/kg BW may be toxic if given by
gavage.®® Several investigators®?°35* consistently produced sublethal toxicity with
200 to 300 mg NOs/kg BW to test various protective strategies. Other investiga-
tors20:55:56 fajled to demonstrate toxicity at dietary concentrations as high as 0.9%
(approximately 225 mg NOs/kg BW), although one?° reported that sustained exposure
enhanced the ability of the rumen microflora to degrade NO3;™ and NO,™. Calves were
experimentally poisoned by drinking water containing 2500 mg NO3z7/L (250 mg/kg
BW), but none were affected by 2000 mg/L or less.>® Older texts and reviews variously
describe the minimum toxic dose in cattle as 169 to 500 mg NOg/kg BW.'"-15:57

There are numerous anecdotal reports of acute NO3 poisoning in cattle associated
with contaminated feedstuffs. O’Hara and Fraser®® summarized 10 episodes of acute
NOj; poisoning in New Zealand in which mortality varied from less than 1% to almost
50%. Forage concentrations associated with these cases ranged from 0.3% to 5.3%
NO;3 (mean, 3.3%) with variations of 1% to 2% NO3; between samples from the same
premise. In 1 extensively investigated case, 23 of 50 calves turned into a ryegrass
pasture containing 6.6% to 8.9% KNO;3; (4.0%-5.3% NOg) died within a 12-hour
period.®® In another instance, calves died if left on a ryegrass pasture containing
3.6% NOj for more than 1 hour.>® A dose of NOg, later calculated to be 170 mg
NOa/kg BW, from contaminated hay, killed 7 of 200 heifers. The herdsman tried to
dilute the toxic hay in half and killed 7 more.° The authors speculated that concurrent
overfeeding of monensin enhanced ruminal reduction of NO3™ to NO,™, thus potenti-
ating the toxicity of the hay. Harris and Rhodes,®’ summarizing the experience of
farmers during a severe drought in Victoria, Australia, reported several hundred ani-
mals were killed by plants containing “over 1.5% NO3.” Three cows fed hay containing
1% NO; died within 30 minutes.®' Eleven cows aborted, and 73 of 153 died when fed
sudax hay containing 1.1% to 3.1% NO3.5> McKenzie and associates*” summarized
several cases with acute mortalities of 16% to 44% on button grass (2.4%-7.2%
NO3) grown in nitrogen-rich soil in Queensland, Australia. Animals grazing the same
grass in adjacent paddocks without the extra nitrogen were unaffected.

Although not as common as poisoning from feedstuffs, contaminated water has
resulted in acute poisoning, including abortions and death. Seven of 12 cows died
shortly after drinking water containing 2790 mg NO37/L.°" Several authors reported
lethality as a result of fertilizer-contaminated water (1000-6000 mg NOz7/L).52:49:63
Contaminated liquid whey, fed in addition to water and containing 2200 to 2800 mg
NO37/L, killed 17 of 360 cattle. Whey containing only 400 to 800 mg NO37/L did not
kill any animals, but it did result in 26 of 140 cows aborting.>? Yong and colleagues®®
reported that water, contaminated with 4800 and 7000 mg NOs7/L as a result of blast-
ing water holes, killed 16 of 100 and 4 of 90 cows in 2 separate incidents in Saskatch-
ewan, Canada.

It is known the NO,~ ion may react with secondary amines (common in many food-
stuffs) under conditions typical of the adult human stomach (pH 1-4) to form nitrosa-
mines.®#%5 Many nitrosamines are potent animal mutagens and carcinogens.
Bacterial reduction of NO3™to NO,~ does not occur under the acidic conditions neces-
sary for nitrosamine production, or vice versa. This finding, together with the fact most
herbivores have Gl conditions that are relatively alkaline, suggests that cancer is not a
likely sequela of NO3 exposure in our species of interest. Elevated NO,™ is a potential
acute toxic hazard, however. Four of 4 sows were killed by drinking 1940 mg NO,7/L
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water.*? Nitrite is reported to be 2.5 times more toxic than NOg in ruminants and 10
times more in monogastrics,’® and the minimum toxic dose is reportedly between
20 and 90 mg NO>/kg BW in pigs and between 90 and 170 mg NO,/kg in cattle
and sheep.' %"

Chronic NOj3 poisoning is an area of controversy. Mice exposed to 1000 mg NOz7/L
in drinking water for 18 months (lifetime) died prematurely starting at 17.5 months. The
result was of only marginal statistical significance, and no possible mechanism for the
result was proposed.*® Mice exposed to 100 mg NOs7/L showed no effects in any
parameter measured (liver function, kidney function, serum protein, etc). Seerley
and colleagues*' fed breeding gilts NaNOs in water to provide 1320 mg NOs7/L for
105 days with no effect. Similar results were reported for weanling pigs.®%%” Fan
and colleagues®® reviewed the veterinary literature on chronic NOj toxicity and
concluded it “failed to provide evidence for teratogenic effects attributable to NO3
or NO, ingestion.” Bruning-Fann and colleagues®® surveyed water from 712 swine op-
erations in the United States and found no differences in litter size or piglet mortality
attributable to well-water containing NO3™ (1-443 mg/L).

After a widespread drought in the American Midwest in the mid-1950s, several au-
thors summarized the experience of multiple field investigations.®®7%7" Purportedly,
feed concentrations with more than 0.5% NOj; or water supplies containing more
than 500 mg NO3;7/L were hazardous to cattle fed poor quality rations. Other nutritional
factors were not accounted for. Case’® was first to propose that NO; interfered with
vitamin A metabolism. The results of many controlled experiments since then have
rendered this theory questionable.® Sheep fed 2.5% NaNO; (approximately 1.75%
NO3) diets for 135 days had slightly lower liver vitamin A concentrations than controls,
and gains were depressed. A second replicate of the same experiment did not exhibit
decreased vitamin A nor was there an increase in methemoglobin or signs of toxicity in
either group.“® Fourteen yearling steers were treated with various combinations of
NO3™ in drinking water, NO5™ in drinking water, Escherichia coli, and a “thyroid depres-
sant.” Creative use of statistics demonstrated depressed carotene use, but there were
no other effects. In contrast, heifers fed various amounts of NO3 up to 0.9% NOj3 in
diets containing 20% or 40% concentrate did not exhibit any difference from controls
in carotene conversion or hepatic retinol concentrations.®® Feedlot cattle fed 0.81%
dietary NO3; as NaNO3 exhibited poor gains as a result of decreased feed consump-
tion. Gains were not improved by supplementing with 12,000 IU vitamin A.56 Emerick’?
reviewed the literature and concluded that chronic effects involving vitamin A, thyroid
function, and other hypothetical chronic mechanisms only occurred at doses that
were nearly lethal owing to methemoglobin formation.

Winter and Hokanson”® fed varying amounts of NO3 (330-690 mg/kg BW) to dairy
heifers as part of their ration to maintain methemoglobin levels at either 25% to
30% or 50% for the last 6 months of pregnancy. One animal aborted, possibly as a
result of NOj intoxication, and 2 died of acute poisoning after a diet change, but no
chronic effects could be ascertained. Crowley and colleagues,?® in what to date has
been the most rigorous experimental attempt to produce chronic NO3 poisoning in
dairy cattle, fed high NOs~water (384 mg NOs7/L) for 35 months with no effects on
conception rate, twinning, stillbirths, abortions, retained placenta, or a variety of pro-
duction parameters. The only statistically significant effect was a slightly lower first-
service conception rate in the NOs-treated group. The authors concluded that, in a
herd fed a balanced ration, “water containing up to 400 ppm NOj3 should not cause
any serious problems.”?° Ensley’* attempted an epidemiologic approach to the ques-
tion of high NO3; water for dairy cattle. In a survey of 128 lowa dairies with water con-
centrations from 1 to 300 mg NO37/L, he found water NO3z concentrations positively
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correlated with services per conception, which agrees with the results of Crowley and
colleagues,®® but several other potentially confounding factors such as the size of the
farm and other contaminants in the water were also positively correlated with NO3
concentrations.

Other attempts to produce chronic NO3 poisoning in ruminants have been unsuc-
cessful. Sinclair and Jones?* dosed ewes with 15 g KNO3 (similar to 1.5% in forage)
for 2 months and then sprayed the same dose of NO3 on the daily hay ration for
another 7 weeks. Ewes were fed diets containing 0.2% to 2.6% NO3; as NaNO; or
from natural sources for 12 weeks with no measurable effects on health or preg-
nancy.** Despite elevated serum NOgz~ concentrations, there were no effects on
methemoglobin, body condition, or reproduction in the treated group. Whethers fed
NaNQ; in drinking water to provide 1465, 2900, or 4400 mg NOs7/L for 84 days did
not differ from controls in gain or water consumption, and only modest increases in
methemoglobin concentrations were seen at the highest dose.*! Feeder lambs fed
3.2% dietary KNO3 (1.9% NO3) until slaughter differed from controls only in “carcass
quality.”% Emerick’? reviewed the literature in 1974 and concluded that feeds contain-
ing less than 0.44% NO3 and water with less than 440 mg NO5;7/L were “well within a
safe range for all classes of livestock.”

There is no question that NO3; contamination of drinking water can result in acute
death and/or abortion in ruminant livestock. Cattle are usually reported to be more
susceptible than sheep, with monogastrics such as horses and swine being relatively
resistant.

The chronic toxicity of very low doses of NOs is controversial. Despite repeated at-
tempts (and failures) to reproduce vitamin A deficiency, hypothyroidism, or purported
forms of chronic NO3 toxicity, experimentally it does not seem that dietary concentra-
tions significantly less than those required for acute intoxication cause measurable ill
effects in domestic ruminants. Although there is no question NO3; can produce abor-
tions in ruminants, the dose required seems to be very near that required for acute
toxicity. The most scientifically rigorous examination of chronic NOjs toxicity to
date?® concluded that water concentrations of less than 400 mg/L (the concentration
tested) should not pose any hazard to a well-managed herd.

The lowest toxic dose of NOs in cattle in the experimental studies reviewed is some-
what less than 200 mg NO3z/kg BW, although there were several experiments that
failed to produce any effect at considerably higher (as much as 800 mg/kg BW) doses.
Clinical (ie, anecdotal) reports, in particular those of Yeruham and colleagues®? and
Slenning and colleagues,®® push the minimum toxic dose down to near 100 mg
NOs/kg BW, but there are some uncertainties associated with these 2 reports. Yeru-
ham and colleagues®® did not specify the amount of toxic whey consumed (we
assumed 20% BW when figuring a dose as it occurred in a hot climate), and there
was a 2-fold variation in analytical results between samples. Slenning and col-
leagues®® suggested other factors, notably overfeeding an ionophore, might have
potentiated the toxicity of NOs. The next lowest concentration reported to be acutely
toxic was 1% NO3 in Chenopodium hay, which would provide approximately 250 mg
NOs/kg BW in cattle under the assumptions outlined in the introduction. Nitrate in wa-
ter is additive with NO3 in feedstuffs, with a given dose in water being somewhat more
potent than in feed because it is consumed more rapidly.

Assuming negligible forage NO3z concentrations, a water NO3; concentration of
500 mg NO37/L (measured as NO5™ ion) would provide a dose of 100 mg/kg BW, which
is still 2- to 3-fold below the 200 to 250 mg/kg BW toxic dose. If forage concentrations
are higher (not a rare occurrence in the Great Plains), the permissible water concen-
tration should be adjusted downward.
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The NO,™ ion is commonly described as approximately 2.5-fold more toxic than the
NOz~ion in ruminants (10-fold more toxic in monogastrics), which implies a safe
threshold of about 200 mg/L. We were, however, unable to find sufficient experimental
studies or well-documented field investigations upon which to base any conclusion
about maximum safe concentrations. This is probably owing to the fact NO3™ is the
more stable form of the 2 in surface waters and feedstuffs, and NO,™ is only rarely pre-
sent in negligible concentrations. Garner®” describes the minimum lethal dose of NO,
in swine (the most sensitive species) as 40 mg/kg BW, which translates to 200 mg
NO.7/L in drinking water under very conservative assumptions. Intravenous adminis-
tration (the most potent route of exposure for most toxicants) of 12 mg NO,/kg BW to
cattle and 17.6 mg NO,/kg BW to sheep did not produce any reported toxic effects.

Obviously, this is an area that needs further research, but, based upon the existing
knowledge base, 100 mg NO,7/L (as the nitrite ion) should not cause poisoning in
livestock.

SULFUR

Sulfur occurs in nature as free sulfur or combined with other elements as sulfides and
sulfates. The most common form in water is the sulfate (SO,2") ion, although some sul-
furous wells may contain relatively high concentrations of dissolved sulfides. Sulfide
concentrations do not persist for long under surface conditions, but may contribute
to health problems while they are present. Sulfides in igneous and sedimentary rock
are oxidized to sulfate (SO,) during the weathering process. The resulting sulfate salts
are leached from soils by runoff and may be concentrated by evaporation in playas.
Some aquifers are naturally very high in SO42~. Once SO42 is dissolved in water, it
is extremely difficult to remove. Under anerobic conditions, SO,%~ may be reduced
to sulfide by anaerobic organisms and precipitated in sediments, released as
hydrogen sulfide (H,S) or incorporated into organic matter.”> Reverse osmosis, distil-
lation, and ion exchange may be used to remove SO,2~ from water; however, none of
these processes is cost effective for livestock production under normal conditions.
Sulfur may also be present in organic compounds synthesized by aquatic biota; how-
ever, this form is usually a relatively minor component of the total water sulfur content.
In 1997, 11.5% of 454 forage/water pairs collected from around the United States
yielded dietary sulfur concentrations potentially hazardous for cattle. Thirty-seven
percent of these elevated pairs originated from the Western United States.”®

Sulfur is essential for health and, in fact, comprises about 0.15% of the total body in
mammals as a constituent of the amino acids methionine, cysteine, cystine, homocys-
teine, cystathionine, taurine, and cysteic acid. It is also a component of biotin, thiamin,
estrogens, ergothionine, fibrinogen, heparin, chondroitin, glutathione, coenzyme A,
and lipoic acid.”” Calves deprived of dietary sulfur had smaller livers, spleens, and
testes, and larger brains and adrenals than controls.”” Lactating dairy cows require
between 0.17% and 0.20% total dietary sulfur to remain in positive balance, because
sulfur constitutes an estimated 0.78% of milk proteins.”® The nutritional sulfur require-
ment of monogastrics must be provided as 2 amino acids—methionine and cystine.
Ruminants can use either preformed amino acids or synthesize sulfur amino acids
from inorganic sulfur; however, the efficiency of the latter process varies with other di-
etary conditions.”®®"

The first step in ruminal synthesis of sulfur amino acids from inorganic sulfur is
reduction of the latter to H,S.82 Not surprisingly, SO, is converted to H,S more effi-
ciently than preformed sulfur amino acids. Halverson and colleagues®® examined sul-
fide production from various sulfur sources and found methionine produced only one-
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third as much sulfide as an equivalent amount of SO4. Under normal circumstances,
the reactive sulfide ion is combined with carbon by rumen microflora to create methi-
onine, homocysteine, cystathionine, cysteine, and other sulfur amino acids. Under
conditions of excessive sulfur intake, however, some of the very toxic gas escapes
from the rumen into the systemic circulation resulting in poisoning.8+2"

Excess rumen sulfide may also interact with certain trace elements, especially cop-
per, decreasing bioavailability and result in serious nutritional deficiencies.®®°" In ru-
minants, sulfur combines with molybdenum to form thiomolybdates. These, in turn,
form unabsorbable complexes with copper, resulting in copper deficiency.®’ It has
also been proposed that thiomolybdates interfere postabsorptively with copper incor-
poration into the enzymes superoxide dismutase and cytochrome oxidase, compro-
mising mitochondrial integrity and cell function.®’% Of the 3 elements, copper,
molybdenum, and sulfur, sulfur provides the most variation in nutritional outcomes
owing to its multiplicity of metabolic pathways from the rumen. Sulfur exits the rumen
principally as sulfide, but it can also leave as undegraded protein sulfur or be incorpo-
rated into microbial protein.

Dietary sulfur may also antagonize copper metabolism in the absence of excessive
molybdenum. Copper deficiencies occurred in cattle fed 0.3% total dietary sulfur,®®
and 500 mg sulfur/L water was hypothesized to cause secondary deficiency as it
raised dietary sulfur to 0.35%, both in the absence of excess molybdenum.®? Sulfur
inhibits the uptake of zinc. The interaction between zinc and sulfur is further magnified
if animals are fed a high-fiber diet.%° Sulfur also decreases the uptake of dietary sele-
nium.®4°° High dietary concentrations of sulfur are thought to reduce rumen pH, favor-
ing the conversion of selenium to biologically unavailable selenide.®®°® Sulfur may also
reduce incorporation of dietary selenium into ruminal bacterial protein.®” Interestingly,
sulfur has been shown to protect against selenium intoxication under some
circumstances.%>-%

Monogastrics lack the ability to produce sulfur amino acids from inorganic sulfur
and are thus somewhat less sensitive to the above-mentioned toxic effects of the sul-
fide ion. For example, the National Research Council (NRC) “maximum tolerable” sul-
fur concentration for range cattle is 0.5%, whereas 0.69% of diet is optimal in rats.”’
Although it is possible for a monogastric to generate toxic concentrations of H,S after
ingestion of elemental sulfur, the dosage required is much greater than in ruminants.
To illustrate this, 14 horses mistakenly fed between 0.2 and 0.4 kg of flowers of sulfur
(99% sulfur) resulting in a dose between 333 to 666 mg/kg BW (corresponds with
11%-22% dietary dry matter). The horses became ill within 12 hours, and 2 died after
48 hours. Post mortem examination of the 2 deceased animals revealed cranioventral
consolidation of the lungs, hemorrhaging throughout the heart and Gl tract, and liver
congestion.®® The toxic effect(s) of inorganic sulfur salts (eg, SO,) in monogastric spe-
cies are owing to abnormalities in water balance in the Gl tract, explaining why clinical
signs of toxicity differ between monogastric and ruminant mammals. In swine, SO4
toxicity is generally manifested as watery feces and have been shown to occur
when ingesting water with concentrations as low as 600 mg SO427/L, but more
commonly require 1600 mg SO,/L or higher."°0-102

As with all poisons, sulfur toxicity depends on the dose, route of exposure, and the
form of the element. In this article, we are most interested in ingestion (oral exposure)
and SO,?",because that is the form of sulfur commonly found dissolved in water. Be-
tween 0.3% and 0.5% of dietary dry matter is the recommended maximum tolerable
limit for total daily sulfur intake for ruminant animals.”” The amount of sulfur that water
contributes to the diet total depends on the amount of water an animal drinks as well
as the concentration of sulfur in the water. The former varies dramatically with
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environmental temperature, type of feed, and condition of the animal. In 1 published
example, the amount of dietary sulfur contributed by 1000 mg SO,27/L in drinking wa-
ter varied from 0.1% to 0.27% under different environmental conditions.’®®

Toxic sulfur concentrations have been shown to reduce the feed intake, water
intake, growth, and performance of animals. Cattle given water containing 1219 mg
S0,427/L in conjunction with a diet containing 0.16% sulfur (0.29% total sulfur intake),
exhibited depressed dry matter intake.'** Adding 0.72% SO, (0.24% dietary sulfur) to
cattle diets reduced weight gains by 50% after the first 2 weeks.'°® Concentrations of
0.35% or more dietary sulfur resulted in diminished dry matter intake in lactating dairy
cows.”® Water containing 5000 mg sodium sulfate (Na;SO,4)/L and grass hay contain-
ing “0.75% SO,” decreased cattle’s water intake by 35% and feed intake by 30%."%°
Decreases in average daily gain, feed efficiency, and dietary net energy were seen
when heifers were fed 0.25% sulfur as ammonium sulfate (NH,),S0,).'®* Supplying
heifers with water containing 2814 mg SO,/L and hay containing “0.55% SO,”
reduced hay intake by 12.4% during the summer months.'%” Water containing
3087 mg SO./L decreased the average daily gain by 27%, dry matter intake by
6.2%, and water intake by 6.1 L in steers, and it increased the incidence of polioence-
phalomalacia (PEM)."°€ Cattle on a low plane of nutrition decreased their water intake
when consuming water with 1000 mg SO,/L, and cattle on a high plane of nutrition had
a slight decrease in feed intake when consuming 2000 mg SO,4/L.'%° Concentrations of
sulfur greater than 0.4%, added as elemental sulfur or Na,SQO,, decreased gains in
feeder lambs.”® Approximately 0.5% sulfur added to rations as calcium sulfate
(CaS0,) or Nap,SO, resulted in decreased feed intake and daily gains of 163 g/
d and 191 g/d, respectively, compared with control lambs that gained 251 g/d*"°

In contrast, 0.75% sulfur added as CaSO, to the concentrate portion of the diet
(0.477% total dietary sulfur) of 6 Hereford cattle, caused no changes in serum enzyme
activity, tissue selenium concentrations, weight gains, or general health.”"" The study,
however, was designed to look at sulfur-selenium interactions and lacked statistical
power to examine growth, average daily gain, or other measures of performance,
and one of the animals died of PEM by the end of the experiment. Cattle offered water
containing 2500 mg SO,/L showed no changes in feed or water consumption. The an-
imals consumed an average of 3.9 kg of hay, 3.1 kg concentrate, and 33.1 kg water per
day, leading the authors to suggest this level as a safe tolerable limit.'°” As with the
previous study, the number of animals tested was very small. Sublimed sulfur added
to the diet of steers for 10 weeks at 0.42% did not affect feed intake but did at
0.98%.""? Qi and colleagues''® added various amounts of CaSQ, to the diet of goats
and concluded that optimum feed performance occurred between 0.2% to 0.28% sul-
fur. Pendlum and colleagues'' fed up to 0.3% elemental sulfur to steers without
adverse effects.

The most dramatic manifestations of sulfur toxicity in ruminants are sudden death,
with no lesions, and/or PEM. PEM is a neurologic disease of cattle and sheep, man-
ifested as seizures, ataxia, blindness, and recumbency. It is usually fatal. Seven hun-
dred of 2200 ewes grazing a pasture previously sprayed with elemental sulfur began
showing abdominal discomfort within 2 hours of exposure, and 220 ewes died within
5 days. Lesions of PEM were found only in the sheep that had survived for 5 days.'"®
Steers ingesting water with 4564 mg SO,/L and feed containing 0.17% sulfur had a
47.6% incidence of PEM and a 33% mortality rate."’® Six of 110 cows drinking
7200 mg Na,SO./L water developed PEM."'” Eighteen of 21 herds fed supplements
containing 2% inorganic SO, developed PEM. This supplement provided approxi-
mately 0.16% sulfur beyond what was in the rest of the diet."'® Water containing
2000 mg SO,27/L produced PEM in 1 of 9 steers.®” Three of 21 steers fed 3780 mg

557



558

Raisbeck

S04%7/L developed PEM and died. Feeding thiamin did not prevent sulfur toxicity.'"®

Four steers died of PEM on a feedlot in Alberta, Canada, after consuming water
with 5203 mg SO,4/L while the temperature was 30°C."?° Four of 40 cattle developed
PEM after ingesting hay with 0.39% sulfur and water containing 2250 mg SO4/L."2" All
10 beef calves offered water with 5540 mg sulfur/L or 7010 mg sulfur/L showed signs
of PEM. 22 The incidence of death from PEM in a beef feedlot varied dramatically with
environmental temperature, from none in the winter to 0.8% per month in the summer.
The increase also corresponded with a 2.4-fold increase in water consumption as a
result of summer weather, increasing the total dietary sulfur intake to 0.67%.'2°
Cows in Canada were stricken with PEM when exposed to 3400 mg SO,27/L water;
no new cases occurred after the water was replaced. Sixty-nine animals were affected
with PEM after ingesting a protein supplement containing “1.5% organosulfate” and
water containing 1814 mg SO,27/L."%* Experimentally feeding 0.477% total dietary
sulfur resulted in 1 of 12 heifers developing PEM 3 days after termination of the
experiment.’’

Sulfate-containing waters are quite unpalatable, and, when given a choice, animals
will discriminate against them. A taste test was conducted between waters containing
1450 mg/L and 2150 mg/L SO, and tap water. The cattle discriminated against the wa-
ter containing 1450 mg/L and rejected the water containing 2150 mg/L, opting for tap
water instead.’®” Despite the poor palatability, if no other water is available, animals
will reluctantly drink water with higher SO, concentrations, resulting in potential
toxicity.

In ruminants, high dietary sulfur may cause acute death, PEM, trace mineral (espe-
cially copper) deficiencies, and other chronic, as yet poorly defined ailments that
decrease production efficiency. All dietary sources of sulfur (water, forage, concen-
trates, and feed supplements) contribute to the total sulfur intake and thus to potential
toxicity. The contribution of water to dietary sulfur, usually as the SO,2~ ion, varies
dramatically with environmental conditions as water consumption goes up and down.

From a strictly theoretic standpoint, the NRC maximum tolerable dose of sulfur for
cattle is 0.5% of the total diet (0.3% for feedlot animals).”” Great Plains grasses are
reported to contain between 0.13% and 0.48% sulfur.'?> Assuming forage sulfur con-
centrations of 0.2% and water consumption typical of young, rapidly growing cattle at
summer temperatures (30°C), a water SO, concentration of 1125 mg/L will meet or
exceed the NRC’s maximum tolerance limit for sulfur in cattle. Adult bulls, which
consume one-half as much water, could theoretically be impacted by 2250 mg/L,
and lactating cows would fall somewhere in between. In practice, water SO, concen-
trations as low as 2000 mg/L have caused PEM and/or sudden death in cattle. This
observation is supported by many field cases investigated by the author’s laboratory
and other regional diagnostic laboratories since 1988. It seems to be contradicted by
some of the earlier studies mentioned above, notably Digesti and Weeth, but both
probability and the morbidity of poisoning increase with progressively larger SO, con-
centrations; thus, studies with small numbers of animals easily overlook marginally
toxic doses. Anecdotal data also indicate that cattle are able to adapt to elevated sul-
fur concentrations if introduced gradually to potentially toxic waters over a period of
several days or weeks. The details (ie, how rapidly dietary sulfur can change) of this
process and the effect(s) of other dietary factors such as energy and protein on the
process are still a matter of conjecture.

Waterborne SO, is reported to decrease copper uptake at concentrations as low as
500 mg sulfur/L as SO,2~.8%:9% Whether overt copper deficiency results depends on the
dietary copper concentration, because excess dietary copper may compensate for
some or all of the effect of SO,2~."2% Elevated dietary sulfur also interferes with the
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uptake of zinc and selenium. Trace element deficiencies are multifactorial diseases
that do not normally manifest themselves unless animals are exposed to other
stressors, such as bacterial pathogens, bad weather, and shipping. Therefore, it is
difficult, if not impossible, to settle on a single number that consistently results in defi-
ciency or guarantees safety; however, the NRC recommends “the sulfur content of
cattle diets be limited to the requirement of the animal, which is 0.2% dietary sulfur
for dairy and 0.15% in beef cattle and other ruminants.”””

Relatively low sulfur concentrations (equivalent to 500-1500 mg SO,27/L in water)
have impacted performance (eg, average daily gain, feed efficiency) in feedlot and
range cattle via a variety of mechanisms not completely understood.'%*127-129 | one-
ragan and colleagues®” suggested that H,S produced from SO42", eructated and then
inhaled, resulted in pulmonary damage and increased susceptibility to respiratory in-
fections. Elevated SO,2~ also results in decreased water intake under experimental
conditions. Finally, it is possible that some, as yet unrecognized, interactions with
other dietary components result in decreased use and feed efficiency. These effects
have obvious implications for animal health, but they are difficult to predictively quan-
tify under field conditions.

Monogastrics, such as horses, are at less risk of sulfur effects that involve ruminal
generation of sulfide. In these species, the principle effect of elevated drinking water
SO, seems to be diarrhea resulting from the osmotic attraction of water into the gut.
The relative contributions of the SO, ion and its associated cation are unclear, but
the literature indicates the effect (1) is transient and not life threatening and (2) prob-
ably only occurs at concentrations considerably in excess of those toxic in ruminants.
Therefore, concentrations that are safe in ruminants should provide adequate protec-
tion for horses.

Assuming normal feedstuff sulfur concentrations, keeping water SO 2~ concentra-
tions of less than 1800 mg/L should minimize the possibility of acute death in cat-
tle. Concentrations of less than 1000 mg/L should not result in any easily
measured loss in in performance.

SODIUM CHLORIDE (SALT)

Sodium chloride (NaCl), or salt, was one of the first nutrients to be identified as essen-
tial to life. Although sea water contains approximately 2.68% NaCl and marine animals
face the challenge of coping with excessive salt, most terrestrial animals find it difficult
to obtain adequate dietary salt and have developed methods to conserve NaCl.'30-132
Sodium and chlorine are rarely found in elemental form in nature; however, most of the
toxic effects of NaCl are owing to sodium.

Both sodium and chlorine are essential elements for practically all forms of life.
The sodium ion (Na™) is the major extracellular cation and Cl~ is the major extracel-
lular anion; together, they are responsible for maintaining acid-base balance and
regulating the osmotic pressure of bodily fluids.'®®'34 Excitable cell membranes
(ie, nerve and muscle cells) depend on tightly regulated Na* and CI~ concentra-
tions in cells and the extracellular fluid. Sodium chloride is reportedly the only min-
eral animals truly crave and will actually seek out.'®"'%° The dietary NaCl
requirement of swine is between 0.10% and 0.14%, and 0.18% sodium is needed
to achieve optimal performance.'6-'39 Similarly, the optimal dietary sodium con-
centration in horses is 0.16% to 0.18% DM'™* and for cattle is 0.08% to
0.1%."%? Under extreme conditions, such as high temperatures, lactation, or hard
work, these requirements increase owing to increased excretion of both Na* and
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CI=.14%:141 The clinical signs of sodium chloride deficiency are polydipsia (extreme
thirst), polyuria (extreme urination), salt hunger, pica (licking foreign materials),
weight loss, and decreased productivity.'#?'4® Chloride deficiencies have been
produced by feeding diets with 0.10% chlorine or less and present as anorexia,
weight loss, lethargy, decreased milk production, polydipsia, polyuria, and cardio-
pulmonary depression as clinical signs.'44-146

Once ingested, 85% to 95% of sodium and chlorine are absorbed from the Gl tract.
Large amounts of sodium and chlorine are continuously recycled into the intestinal
tract via salivary, pancreatic, and intestinal epithelial secretions, as well as bile. This
high intestinal Na* concentration is required to transport glucose, amino acids, and
other nutrients across the mucosa. Chloride is also secreted into the intestine to aid
in creating the low pH environment needed for proteolysis. These secretions must
then be reabsorbed distad to conserve the elements.’™' Hemsley'?* reported that
increased NaCl in the diet increased the rate of passage of solid digesta from the
rumen, which decreased microbial degradation within the rumen and increased the
amount of protein available in the small intestine. Altered ruminal fatty acid concentra-
tions have also been related to dietary NaCl."#"~*° Dietary Na* and CI~ in excess of
physiologic requirements are usually efficiently eliminated from the body via the
kidneys. 150

Potassium is the main intracellular cation, Na* is the main extracellular cation, and
Cl~ is the main extracellular anion. The relative concentrations of these 3 elements
create an electrochemical gradient that is essential for nutrient transport, nerve con-
duction, muscle contraction, and energy generation, and they indirectly aid in main-
taining pH balance. Imbalances of these elements result in a variety of disorders
from decreased gains to acute death.'51-153

The toxicity of NaCl is intimately related to the availability of water and is sometimes
referred to as the “sodium ion toxicity—water deprivation syndrome”; however, if the
dose of Na™ is high enough, sodium is toxic regardless of water intake.'®* If adequate
water is available, most animals tolerate relatively large doses of sodium by increasing
Na* excretion. 5% 155158 |f sufficient water is not available to excrete the excess, toxi-
cosis results in dehydration, blindness, incoordination, convulsions, recumbency, and
death.'5*159-161 The normal physiologic response to elevated dietary NaCl is
increased water intake; however, if the only available water contains high NaCl con-
centrations, drinking results in even more NaCl intake and increases the risk of
receiving a toxic dose.'®® Even when sufficient potable water is available to eliminate
excess dietary sodium, every gram of NaCl excreted requires producing at least 5 mL
of urine'®? at a finite metabolic cost. Thus, slight to moderately elevated Na* may
impact growth and performance.158:163.164

The mechanisms underlying acute toxicity are related to cellular dehydration, or tis-
sue shrinking, and edema. When extracellular Na* concentrations become elevated,
water is drawn out of the cell.’®"'%® Eventually intracellular Na* concentrations adjust
to a new equilibrium with the extracellular fluid, and cells return to their normal volume.
After 2 to 3 days of exposure to elevated Na*, cells have replaced the increased intra-
cellular Na* with idiogenic osmoles, hydrophilic organic molecules that compensate
for the attraction of extracellular Na* for water.'%® Tissue shrinkage owing to elevated
extracellular fluid Na™* results in damage to the small blood vessels that supply the su-
perficial portions of the brain. Later, after animals have adapted to elevated extracel-
lular Na* concentrations (whether from excessive dietary sodium intake or water
deprivation) and are allowed free access to water, the extracellular fluid becomes
diluted and water is drawn back to the elevated osmolarity inside the neurons, result-
ing in cellular swelling and necrosis.
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Acute toxicity has been observed in cattle, pigs, dogs, and rats after ingestion of
extreme concentrations of NaCl. Ninety-one cattle developed muscular weakness,
muscle fasciculations, and sternal and lateral recumbency, and they subsequently
died, as a result of drinking water from a tank and lagoon that contained 4370 and
21,160 mg Na™/L, respectively.’®® Cattle consuming water containing 5850 mg
Na*/L experienced decreases in feed and water intakes, with a corresponding
13.7% decrease in BW."®” Water containing 6726 to 6826 mg Na*/L resulted in a
loss of condition, scouring, and death in 15 of 220 cattle.'®® Six cattle began showing
signs of central nervous system dysfunction 4 hours after consuming 50 kg of a sup-
plement containing 50,000 ppm NaCl (19,500 ppm sodium), despite drinking water
immediately afterward.'>* A pig owner replaced a free-choice salt block with 2 hand-
fuls of loose trace mineral salt in 30 gallons of water. Within 6 days, 4 pigs began
champing jaws, frothing at the mouth, and convulsing, and 2 ultimately died.'®®
Abruptly switching gilts to a diet containing 13,600 ppm NaCl resulted in feed refusal
and watery diarrhea lasting several days.'”® Dosing an 11.3 to 15.9 kg (25-35 Ib) pig
with approximately 178.6 g NaCl (69.6 g Na*) in 500 mL water resulted in death within
15 minutes.'”" A female dog became blind, convulsed, and eventually died after
consuming seawater (26,800 mg NaCl/L) on a hot summer day.'®® Three female Bos-
ton terriers became ataxic, convulsed, and later died after drinking water contami-
nated with approximately 100,000 mg NaCl/L.'”? A male Airedale terrier began
having seizures and eventually died after ingesting a bolus of a salt mixture clay.
The concentration of NaCl in the clay was not reported; however, it was stated a min-
imum of 20 g NaCl remained in the dog’s stomach at the postmortem examination.'5°
The minimum toxic dose in canines was estimated at 2000 mg NaCl/kg BW (780 mg
Na/kg BW)."”® Rats refused to drink water containing 25,000 mg NaCl/L; death
occurred after several days of water refusal were followed by gorging on water.'”4

Chronic toxicity has been investigated under both field and experimental conditions.
Cattle consuming water containing 12,000 mg NaCl/L (4680 mg Na*/L) throughout the
summer months did not become clinically dehydrated, but did exhibit diarrhea, a
28.2% decrease in feed intake, and a 69% increase in water intake.'”® Cattle ingesting
water containing 2500 mg NaCl/L (975 mg Na™*/L) for 28 days showed increased water
intake, decreased milk production, and diarrhea.’®® Steers fed diets containing
50,000 ppm NaCl (19,500 ppm sodium) for up to 175 days gained less weight and
used organic matter less efficiently than controls.'*” Steers fed high grain diets con-
taining 70,000 ppm NaCl (27,300 ppm sodium) for 126 days showed increased water
intake, decreased feed intake, and altered digestion patterns.'”® Feeding lactating
cows low fiber diets in conjunction with concentrate containing 60,000 ppm NaCl
resulted in a 6.9% decrease in organic matter consumption and a 22% increase in wa-
ter intake, but these diets had no effect on milk production.’”” Lactating heifers sup-
plemented with 136 g NaCl/d, beginning 42 days prepartum and continuing until
10 days postpartum, showed an increased incidence of udder edema.’”® Water con-
taining 15,000 mg NaCl/L resulted in decreased feed consumption, decreased BW,
and increased water intake in sheep.'® Drinking water containing “10,000 to
13,000” mg NaCl/L resulted in neonatal mortality and dystocia when given to twin-
bearing pregnant ewes.'”® Sheep drinking water containing 15,000 mg NaCl/L for
21 days consumed less feed and more water than controls.'>® Sheep consuming wa-
ter containing 20,000 mg NaCl/L for 3 days experienced a sharp decrease in feed
intake. After 5 days on the water, the animals’ feed consumption recovered, suggest-
ing an adaptive response.’® Lambs given 2 g NaCl/kg BW from an early age had
significantly lower growth rates, decreased feed intakes, and diarrhea in comparison
to controls.’® Pigs consuming 15,000 mg NaCl/L water for 30 days became stiff
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legged and nervous, and decreased their water consumption.'®' Hypertension has
been produced in rats by offering water containing 10,000 to 25,000 mg NaClI/L for
6 months or longer.'®?-84 Feeding trials determined the chronic oral median lethal
dose of NaCl in rats to be 2.69 g/kg BW. 85

Toxicity has also been shown to occur when elevated dietary NaCl is coupled with
water restriction. Feeding sixty 3-year-old steers a supplement containing 4.5 kg NaCl
1 day before withholding feed and water (to obtain fasting BWs) resulted in blindness,
incoordination, knuckling, and recumbency in 5 animals.®' Goats fed 30,000 ppm
NaCl for 30 days showed a 20% decrease in feed intake when water was freely avail-
able and a 43% reduction when water was restricted.'®® Pigs fed NaCl at the rate of
2.4 g/kg BW with restricted water showed “extreme signs” of NaCl toxicity and ulti-
mately died.’®” Sodium chloride poisoning was diagnosed in a herd of pigs that
exhibited convulsions, unsteady gait and muscle twitching, blindness, and hyperpnea.
The pigs had been without water for an undetermined amount of time, and no levels of
dietary NaCl were given. 88 Swine began having convulsions and were exhibiting head
pressing within 3 days of being purchased at an auction. It was determined the clinical
signs developed as a result of the pigs receiving a high-salt diet before the sale and
then receiving no water during the auction.8°

There are several reports that indicate at least some sodium can be tolerated. Offering
cattle water containing 4110 mg NaCl/L resulted in increased water intake and diuresis;
however, no other effects on animal health were noticed.'® Cattle consuming water
with 5000 mg NaCl/L (2000 mg Na*/L) seemed to be clinically normal throughout the
course of two 30-day experiments.’®” Steers consuming 192 to 193 g NaCl/d for
84 days showed no observable negative effects when ingesting a roughage diet; how-
ever, when fed a corn silage diet, the animals consuming the high sodium diet had lesser
weight gains and feed efficiencies.'*® Sheep consuming water containing 13,000 mg
NaCl/L for up to 16 months increased their water intake, but they exhibited no other
adverse health effects.'6199-19 Rations with a NaCl concentration of 91,000 ppm
were fed to sheep with no significant effects on breeding, gestation, lambing, or wool
production.’®® Swine consuming 5150 mg NaCl/L water had a drastic increase in water
intake; however, no other adverse effects were noticed.'®”

The limited data available regarding Cl~ in water seems to indicate it is primarily a
palatability problem. The environmental Protection Agency’s secondary water stan-
dard for human consumption suggests that more than 250 mg CI~/L imparts a “salty”
taste.’®® Water containing 5000 mg CaCl,/L offered to cattle resulted in water refusal
despite lack of any other water sources. Water containing 3000 mg/L resulted in
increased water consumption and urinary acidification, but no measurable effects
on performance or health.”*® Rats drinking water containing 10,000 mg CaCly/L
were unable to produce normal litters, and 15,000 mg CaCl,/L reduced growth
rates.’®® Conversely, in another study, rats consuming 15,000 mg CaCl,/L adapted,
grew normally, reproduced, and were able to suckle their young.'”*

The effects of sodium and chlorine are difficult to separate since neither exists in a
pure state in nature, and the elements usually occur together in water. It is also difficult
to separate the chronic effects of NaCl from those attributed to TDS in the literature, as
the Na* and CI~ ions are major constituents of salinity under normal conditions.
Nevertheless, it is the Na* ion that seems to be responsible for most of the recognized
effects of “salt” poisoning.’®® At present, there is not sufficient data to make any spe-
cific recommendations regarding CI” in drinking water for livestock.

The toxic effects of sodium are very dependent on the availability of fresh water. If
abundant, good quality drinking water is available, animals can tolerate large doses of
sodium. Despite this fact, at some point excess dietary sodium exceeds the ability of
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the organism to excrete Na™*, and acute poisoning results, regardless of water intake.
The threshold for acute toxicity seems to be approximately 1 g Na/kg BW for swine,
with cattle equal or slightly less sensitive and sheep considerably less sensitive
(roughly 2.5 g Na/kg BW). Most animals will limit their consumption of NaCl to approx-
imately 400 mg Na/kg BW/d, if possible. Beyond this dose, feed intake, water con-
sumption, and productivity decline. Most reviews indicate horses are roughly similar
in sensitivity to cattle and swine.

If the only water available is also the major source of dietary sodium, long-term im-
pacts will occur at lower sodium dosages. Chronic health effects, mainly decreased
production, have been reported at water concentrations as low as 1000 mg Na*/L
in dairy cows; however, other studies with beef heifers in cooler climates reported
only minimal effects at 1600 to 2000 mg Na™*/L. Interestingly, the actual amount of so-
dium consumed by the cattle in all of these studies (250-400 mg Na*/kg BW) were
similar. Dosages greater than 800 mg Na/kg BW resulted in effects ranging from
weight loss and diarrhea to death.

It is theoretically possible animals maintained on high-Na* water for prolonged pe-
riods will, if suddenly exposed to low-Na™ water, develop acute Na* ion intoxication,
and the author has seen such happen under field conditions. There is not sufficient
quantitative information to make any recommendations about this phenomenon other
than that animals should be transitioned from high to low Na* water sources gradually.

Assuming water consumption typical of a rapidly growing steer and only back-
ground feed sodium concentrations, the no-effect level would be about
1000 mg Na*/L or 2500 mg NaCl/L. Serious effects, including death, become
likely at 5000 mg Na™*/L. Thus, drinking water Na* concentrations should be
kept to less than 1000 mg/L, although short-term exposure to concentrations of
up to 4000 mg/L may be well-tolerated.

TOTAL DISSOLVED SOLIDS

Total dissolved solids (TDS) is defined as all inorganic and organic substances con-
tained in water that can pass through a 2-micron filter. In general, TDS is the sum of
the cations and anions in water. lons and ionic compounds making up TDS usually
include carbonate, bicarbonate, chloride, fluoride, sulfate, phosphate, nitrate, cal-
cium, magnesium, sodium, and potassium, but any ion that is present will contribute
to the total. Organic ions include pollutants, herbicides, and hydrocarbons. In addition,
soil organic matter compounds such as humic/fulvic acids are also included in TDS.
There are a variety of ways to measure TDS. The simplest is to filter the water sample,
and then evaporate it at 180°C in a preweighed dish until the weight of the dish no
longer changes. The increase in weight of the dish represents the TDS, and it is re-
ported in milligrams per liter. The TDS of a water sample can also be estimated fairly
accurately from the electrical conductivity of the sample via a linear correlation equa-
tion depending on specific conductivity. Finally, TDS can be calculated by measuring
individual ions and simply adding them together.

TDS is a nonspecific, quantitative measure of the amount of dissolved chemicals
present in a water sample but does not tell us anything about their nature. TDS is
not considered a primary pollutant with any associated health effects in human drink-
ing water standards, but it is rather used as an indication of the aesthetic characteris-
tics of drinking water and as a broad indicator of an array of chemical contaminants.
Although many essential elements may contribute to TDS, the measurement does not,
itself, differentiate essential from toxic elements.
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Interestingly, early epidemiologic studies suggested that “moderately high” TDS
concentrations (high in this context being <1000 mg/L) protected people against can-
cer and heart disease.?°%2%% Although the mechanism(s) underlying these early obser-
vations are not completely understood, it was first narrowed down to “hardness” as
opposed to TDS. It now seems that certain constituents of TDS, notably magnesium,
interfere with the formation of thrombi in arteriosclerosis.?°2%* Another hypothesis for
the protective effect is that some components of hardness decrease leaching of toxic
elements from plumbing.°’

Saline waters may adversely impact animal health by several possible mechanisms.
One of the most important biological functions of water in mammals is as a solvent for
nutrients, waste products, and other substances. The presence of extraneous solutes
decreases the ability of water to serve this function by decreasing its ability to dissolve
additional solutes. A similar, related factor is plasma osmolarity. Solutes exert an
attraction on water across membranes, and inappropriate water movement is disas-
trous to cells and tissues. An extreme example of this effect is water intoxication
that results in death, as was the case with a young woman in California.?°® Mammals
expend a considerable amount of energy maintaining the osmolar concentration of
various body compartments within a narrow range. The presence of excessive solutes
in drinking water adds to this burden and consumes resources that would otherwise
be used for growth, reproduction, or fighting off disease. It is well-accepted that
extreme drinking water TDS concentrations in the 1.5% to 3.0% range are incompat-
ible with life164,168,174,199,206,207. however, the effects of lower TDS concentrations are
too multifactorial, involving species, age, sex, diet, pregnancy, lactation, environ-
mental conditions, and so on, to lend themselves to simple all-or-nothing conclusions.
The fact animals may “tolerate” (in other words, survive) a particular concentration is
not the same as proving they remained productive on it.

Elevated TDS adversely affects the palatability of water. In humans, taste panels rated
the palatability of water with 300 mg/L TDS as “excellent,” 300 to 600 mg/L “good,” 600
to 900 mg/L “fair,” 900 to 1200 mg/L “poor,” and greater than 1200 mg/L “unusable.”
Earlier criteria for human health were based on this fact.?°® In livestock, decreased
palatability is well-recognized as an important determinant of water consumption
and, indirectly, feed consumption, and performance. Cattle given water containing
6000 to 15,000 mg/L TDS exhibited decreased water intake, feed intake, and average
daily gain.'08116.167.209-211 Fiye thousand milligrams per liter of decreased feed intake
and gain of cattle on a high roughage diet.?'?> Dairy cows given 2040 mg/L water
consumed less water and produced less milk when the peak ambient temperature
was 32.1°C than cows given desalinated water.?'® Similar decreases in milk production
attributed to consuming saline water were seen in Arizona.'®®2'* Swine subsisting on
water containing 10,000 to 15,000 mg/L drank less, ate less, and performed more poorly
than controls.'®' Sheep seem to be more tolerant of saline waters than most domestic
specigs, 195156,190-195,215.216 The only 2 references regarding saline waters in horses
indicate they are reluctant to drink such water,'®® and it has been implied they can be
maintained on water containing up to 9500 mg/L TDS.?""

Even when animals drink more to compensate for poor water quality, the increased
metabolic load imposed by high solute water may result in impaired performance. Wa-
ter containing 1.5% NaCl (15,000 ppm), given to cattle for less than a week, resulted in
a 13.7% reduction in weight, as well as decreasing feed and water intake, and marked
hypernatremia.’®” In a similar, short-term experiment at cool temperatures, cattle
given 15,000 mg/L TDS water drank more, ate and grew less, and showed clinical
signs of dehydration.””® Five thousand milligrams per liter of TDS for 51 days
decreased gain in heifers.?"
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TDS in drinking water serve as a very poor predictor of animal health. As noted else-
where in this article, TDS is a measure of all inorganic and organic substances dissolved
in water. These individual solutes range in toxicity from relatively nontoxic substances,
such as Ca?*, to extremely toxic (Hg?*, Se*?), but tests of TDS do not differentiate be-
tween them. Several early studies suggest no significant effects in sheep at TDS concen-
trations up to 13,000 mg/L or cattle and swine up to 5000 mg/L, and the NRC in 1974
accepted larger concentrations as tolerable “for older ruminants and horses,” yet the
author has seen animals poisoned by waters in which the TDS was measured as slightly
less than 500 mg/L (Raisbeck MF, Unpublished data, University of Wyoming, Department
of Veterinary Sciences, 2015),2'® and there are reports of decreased productivity in dairy
cattle at 2000 to 2500 mg/L. Early epidemiologic studies in people suggested high drink-
ing water TDS decreased the incidence of cancer and heart disease in people. Later, how-
ever, the beneficial component of TDS that was negatively correlated with heart disease,
was narrowed down, first to hardness, then finally to the Mg2+ ion concentration. Inhuman
health, the World Health Organization dropped health-based recommendations for TDS in
1993, instead retaining 1000 mg/L as a secondary standard for “organoleptic purposes.”
The test s just too nonspecific to be reliable. As noted by Chapman and colleagues,?'®ina
study of aquatic toxicity, “Toxicity related to these ions is due to the specific combination
and concentration of ions and is not predictable from TDS concentrations.”

We do not recommend relying on TDS to evaluate water quality for livestock and
wildlife; however, if no other information is available, TDS concentrations less than
500 mg/L should ensure safety from almost all inorganic constituents. Above
500 mg/L, the individual constituents contributing to TDS should be identified,
quantified, and evaluated.

pH

The pH is defined as “the negative log of the hydrogen ion (H*) activity,” although
“concentration” is often substituted for “activity” in a working definition.??° Water
with a pH of less than 7 is acidic, and water with a pH of greater than 7 is basic or alka-
line. The definition of a normal water pH varies between authorities, but it is usually
described as somewhere between 5.5 and 6.5, and 8 and 9. By comparison, vinegar
is pH 3, colas are between 3 and 4, beer is between 4 and 5, and milk is around pH 6.4.
A related measurement, namely, alkalinity, is based on the capacity of a water sample
to resist a change in pH and is usually reported as mg/L of CaCOs;. The pH controls the
solubility and thus concentrations of many elements in water. For example, many
metals precipitate out of alkaline water, whereas they dissolve in acidic water.

Water pH impacts the effectiveness of various water (especially antimicrobial) treat-
ments and palatability for animals. Acidic water tends to have a sour taste; basic is
described as metallic. The taste threshold for hydrochloric acid is as low as
0.0001 mol/L.22° Acidic water also tends to dissolve catons (metals) from plumbing
and soil it contacts, further impacting palatability.

In the body, extracellular fluid is normally maintained within a very narrow range
centered around pH 7.4.220221 Several critical physiologic processes are pH-
dependent, thus any significant departure from normal.??"

Acid-base balance in mammals represents a dynamic equilibrium between meta-
bolic acid production and its elimination. As such, it is influenced by a number of inter-
dependent processes, especially respiration and urine production, chemical buffering
by bone and other tissues, and, to a lesser extent, several dietary elements. A compre-
hensive review of these processes is beyond the scope of this article, but a decrease
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in plasma pH from normal (acidosis) stimulates increased respiration, decreasing the
blood concentration of CO, that would otherwise react with water to form carbonic
acid (H>COg). It also stimulates the kidney to produce urine that is, more acidic by
increasing elimination of the H* ion. The net result is an active elimination of acid
and an increase in plasma pH back toward normal.??%22" The H* ion may also react
with buffering molecules in bone, minimizing the magnitude of any pH change.??2:22%

Certain nutrients, referred to as “strong ions,” although not intrinsically acidic or
basic, influence animals’ acid-base balance by shifting the equilibrium of internal ho-
meostatic processes. For example, diets rich in Na* and K* tend to push the body in
an alkaline direction, whereas Cl—, as ammonium chloride (NH,4CI), is used clinically to
move the balance in an acidic direction. Dairy nutritionists have compounded rations
on the basis of the strong ion difference equation ([Na* + K*1 - [CI~ + S,7)?* to pro-
duce mild acidosis shortly before lactation, which decreases the incidence of milk
fever.224‘226

Excessively acid or basic drinking water can theoretically affect animals in 4 ways.
First, extremes of pH may result in tissue damage to the mouth and oropharynx,
causing irritation and refusal to drink. Second, unusual extremes of pH may dissolve
materials from pipes, ditches, and so on, which are toxic and/or impart an unpleasant
taste to the water. For example, copper, iron, and lead concentrations have all been
shown to increase in acidic water as a result of leaching the metals from
plumbing.??”-2%% Consumption of acidic drinks may dissolve dental enamel and
weaken teeth.?®"2°2 Finally, consumption of a large amount of excessively acidic or
basic water could theoretically shift the body’s acid-base balance.

The author was unable to find any reports describing acute damage as a result of
drinking extremely acid or basic water, although he has investigated cases in which
cattle drank extremely basic solutions (pH 12-14) resulting in damage to the mouth
and esophagus. Acid rain, precipitation rendered acidic by atmospheric pollution, is
a well-recognized problem in aquatic organisms because several toxic elements
(especially aluminum) are leached from solids that come in contact with the acidic wa-
ter. It is especially problematic in poorly buffered surface waters of northeastern North
America.?®®> Mammals are considerably less sensitive to the effects of dissolved
metals than fish, but acidic water supplies have been incriminated for the presence
of lead and copper in domestic drinking water, a concern for human health.??7-22%
Even if not present at toxic concentrations, many dissolved elements impart a repel-
lent taste to water.

Despite the hypothetical potential of acidic (pH < 5.5) water to cause acidosis in an-
imals, water systems in laboratory animal colonies and, to a lesser extent, swine facil-
ities, are commonly acidified to minimize bacterial infections.?3":234-236

Metabolic effects have been observed in ruminants and monogastrics owing to the
ingestion of acidic feed and water. Acidogenic rations are fed to dairy cattle during late
pregnancy to prevent milk fever. For example, feeding a combination of 98 g each of
NH,4Cl and ammonium sulfate ((NH4)>SQO,4) per head per day to lactating dairy cows
lowered blood pH, increased blood calcium (Ca?*), and increased excretion of urinary
Ca?* and the ammonium ion (NH**).22® The same amount of these salts added to
drinking water would result in a pH of approximately 5.5. Mineral acids (HCI and
H»S0,) have also been fed to prevent milk fever.?*” Dairy cows given rations contain-
ing 0.65% or 1.8% hydrochloric acid (HCI) (equivalent to a pH of 2-3, respectively, if
added to drinking water) had increased blood Ca?*, a small (0.05) decrease in blood
pH, acidic urine, and a decreased incidence of milk fever.??°

Several experiments reported no effects when acidic water was fed, and it is
commonly believed that acidifying water to approximately a pH of 3 is beneficial in
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rodent colonies. Rats given water acidified to a pH of 2.0 with HCI or H,SO, for 6 weeks
exhibited somewhat decreased feed intake and water intake, and concomitant weight
loss compared with those fed pH 2.5 or pH 7.0 water; however, stomach pH values
were not statistically different among treatment groups.?*® Rats experimentally fed
water acidified to pH 2.5 with HCI for 6 to 11 months showed no changes in weight
and “negligible” damage to tooth enamel.?*? Rats drinking pH 2 water for 21 weeks
drank slightly less than controls, whereas those consuming pH 3 water showed no
measurable effects in any health parameter.23° Water with a pH of 2.5 given to rats
for 30 days resulted in decreased water intake, whereas water with pH 3 given to
rats produced no effect on growth.?®" Rats drinking water with a pH of 1.4 to 3.5 for
42 to 84 days showed accelerated erosion on the tooth surface; however, oral cavity
pH was unchanged.?*® Mice consuming acidified water (pH 2.0) for 120 days had
slightly decreased reticuloendothelial clearance rates when compared with controls,
possibly as a result of decreased growth and smaller spleens.?*" It is questionable if
the physiologic effects in these reports are a direct result of acidic water on acid-
base status, per se. Even in the study that reported some relatively subtle effects
(decreased gains) in rats at pH 2.5 or less, gastric pH was unchanged,?®® and rats
and rabbits fed pH 2.3 to 2.5 water for 7 months maintained normal blood pH.?**
Rats consuming water with pH of 2.5 gave birth to and weaned more pups than control
animals.?4?

SUMMARY

Existing human drinking water standards (pH 6.5-8.5) were established decades ago
for aesthetic (eg, taste) reasons and to protect plumbing from corrosion, rather than on
health-based criteria.??”-*® Although a number of Cooperative Extension Service Web
sites suggest water below this range will produce pathologic acidosis in cattle, none
offer hard evidence. Nor are there any references to direct the health effects of moder-
ately acidic or basic water in animals. Conversely, there are a number of references to
the beneficial effects of acidifying laboratory animal and swine water with mineral
acids down to pH 3. The only adverse effects in these reports were relatively subtle
and occurred at pH of less than 3.0. The only example of feeding a pure mineral
acid to ruminants (equivalent to approximately pH of 2-3) resulted in acidified urine,
but there were no adverse health effects over a period of several weeks. There are
no equivalent data for basic drinking water. From a purely pathophysiologic stand-
point, it seems unlikely that water with a pH between 3.0 and 7.0 would cause health
problems in otherwise normally managed animals. An exception might be feedlot ru-
minants, which are often marginally acidotic as a consequence of the high soluble car-
bohydrate rations they receive, in which case, acidic water might be sufficient to
trigger a crisis.

The other potential adverse effect of basic or acidic water involves mobilization of
potentially toxic substances (eg, metals) from plumbing or soils. Although it seems
unlikely the amounts mobilized would be sufficient to actually cause poisoning under
most conditions, it is quite possible they would be large enough to cause water
refusal. Because the effect of any given pH on palatability depends upon what the
water contacts, there is no way to make any wide-reaching recommendation in
this regard.

The author believes that the commonly touted acceptable ranges for drinking wa-
ter pH (a low of 5.5-6.5 and a high of 7.5-9.0) are excessively conservative from a
strictly animal health standpoint, at least on the acid side, but there are not suffi-
cient experimental and/or clinical data to offer a specific alternative.
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DISCLOSURE

This is a summary of 30 years clinical experience and literature review funded over the
years by numerous small gifts from producers, and larger grants from the Wyoming
DEQ and US Office of Surface Mining. | no longer have the details of all of these,
and its been long ago enough that | don’t feel it relevant.
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