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Mini-Review: The importance of
an integrated approach to assess
trace mineral feeding practices
in dairy cows
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Sherbrooke, QC, Canada, ?Centre de recherche et développement de Québec, Agriculture & Agri-
Food Canada, Québec, QC, Canada

This mini-review was undertaken to demonstrate the impact of trace mineral
feeding management of dairy cows on the ecosystem by discussing their role in
the animal metabolism, dietary recommendations, current feeding practices, and
their excretion in manure pertaining to five trace minerals, i.e., cobalt, copper,
iron, manganese, and zinc. The first part of this mini-review relates the
importance of trace minerals in dairy cow metabolism, and how
recommendations are obtained. The following section showed that the
transition period from the dry to the lactating phase is challenging for dairy
cattle, and current trace mineral recommendations have been questioned for
this period due to the role of some trace minerals in immunity and oxidative
metabolism. Furthermore, trace mineral overfeeding is a common practice in
intensive dairy production system in Canada, the USA, and the UK, which is far
from precision nutrition. Trace minerals in excess of requirements are directly
excreted into the manure. The practice of trace mineral overfeeding could have
detrimental effects on the ecosystem when manure with high trace mineral
concentrations is repeatedly spread on fields. In conclusion, an integrative
approach assessing the impact of trace mineral overfeeding in cow diets on
the ecosystem is needed.

KEYWORDS

trace element, multidisciplinary, metal, cattle, one health

1 Introduction

Worldwide, agriculture is facing growing challenges. Indeed, there is a societal pressure
for producing more food products in a sustainable manner while using less inputs.
Achieving this will require a holistic approach that connects all systems together. It has
been known for many years that excesses of phosphorus (P) and protein in cow rations
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augment P and nitrogen (N) excreted in manure, respectively
(Wattiaux and Karg, 2004; Senaratne and Plaizier, 2020), that
could in turn impact water and air quality (Powell and Broderick,
2011). The concept of precision feeding has emerged to mitigate P
and N excretion into the environment by insuring an adequacy
between dietary supply and cow requirements (Cerosaletti et al,
2004). While the impact of P and N excretion in the environment
has been widely studied in dairy cows, the effect of excessive dietary
trace minerals (TM) in cow rations on the ecosystem has received
little attention. Nevertheless, due to the use of high doses of copper
(Cu) and zinc (Zn) in pig feed for their antimicrobial properties, the
impact of pig slurry spreading with high concentrations of Cu and
Zn on the water-soil-plant continuum has been assessed
(Jondreville et al., 2002; Legros et al., 2013; De Conti et al., 2016).
Qian et al. (2018) concluded that pig manure application with high
concentrations of Cu and Zn will cause an environmental risk in
surface soil within the next 10-50 years if high supplementation of
Cu and Zn in pig feed and additives continues. Although such high
amounts of Cu and Zn are not used in dairy production, previous
surveys have shown that cows receive rations containing higher TM
levels than the recommendations in many countries (Li et al., 2005;
Sinclair and Atkins, 2015; Duplessis et al., 2021).

The objective of this mini-review is to demonstrate the
importance of considering the impact of cow TM feeding
management on the ecosystem by discussing TM role in the
animal metabolism, dietary recommendations, current feeding
practices, and TM excretion in manure pertaining to five TM, i.e.,
cobalt (Co), Cu, iron (Fe), manganese (Mn), and Zn.

2 Importance of trace minerals for
dairy cows and dietary
recommendations

It has been well recognized that some TM have essential roles in
cow metabolism (National Academies of Sciences, Engineering,
Medicine (NASEM, 2021). A complete review has been published
on functions and absorption mechanisms of TM in dairy cows
(Goff, 2018). This is beyond the scope of this mini-review to
describe in details the role of studied TM. Briefly, cows do not
have Co requirements per se, but Co is needed by ruminal bacteria
to synthesize vitamin By, (Martens et al., 2002), which is necessary
for cow metabolism. Copper is an essential component of many
enzymes, such as cytochrome oxidase, required for electron
transport during aerobic respiration, superoxide dismutase, for
cell protection of adverse effects of oxygen metabolites (Goff,
2018). It is also related to carbohydrate and lipid metabolism and
bone formation (Suttle, 2022). Iron has a role of coenzymes
amongst others in the electron transport chain, but its primary
function is being a component of heme in hemoglobin and
myoglobin (Goff, 2018). Manganese and Zn are also a component
of superoxide dismutase for cell protection. Manganese is a

Frontiers in Animal Science

10.3389/fanim.2023.1155361

component of several enzymes involved, for instance, in
carbohydrate and lipid metabolism and reproduction (Suttle,
2022). Zinc is a component of over 200 enzymes related to
carbohydrate, protein, and lipid metabolism (NASEM, 2021),
keratin generation, and many more. Copper, Fe, and Zn also have
a role in immune function, as their deficiency increases cow
susceptibility to disease, such as mastitis (Yang and Li, 2015). In
the same line, being involved in keratin generation, Zn has a role in
teat keratin formation, which is a natural and physical barrier
against bacteria to enter into the mammary gland and cause
mastitis (Wilde, 2006). It is worth noting that Cu, Fe, Mn, and
Zn could all act as pro- and antioxidants (Goff, 2018).

Cow requirements for Co, Cu, Fe, Mn, and Zn were established
about 50 years ago by the National Research Council (NRC) in the
USA and have been recently updated (NASEM, 2021). For selected
TM, except Co, a factorial approach is used to determine
requirements (NASEM, 2021), meaning that cow TM
requirements are based on the summation of the nutrients needed
for maintenance, milk production, pregnancy, and growth, if
applicable. Regarding Co, a fixed dietary concentration regardless
of the lactation stage or pregnancy is used. It should be noted that
other requirement references are available, such as those from the
Institut National de la Recherche Agronomique (INRA, 2018) in
France and the European Federation of Animal Science (EAAP
Scientific Series, 2011) in The Netherlands. These last 2 references
use static dietary requirements for all selected TM, regardless of the
status of the animal. It is worth mentioning that there is no dietary
Fe recommendation in INRA (2018), because it is considered that
the adult cow diet with typical ingredients provides greater Fe than
the animal requirement. Unfortunately, agreements in TM
recommendations are rare among the different sources (Suttle,
2022), and recommendations have changed over the years with
novel knowledge (Table 1). Comparisons of recommendations from
previous NRC (2001) and current NASEM (2021) showed that Co,
Mn, and Zn recommendations have increased, Cu decreased, and
no change for Fe. It should also be noted that maintenance
requirement has increased due to a revision of the literature, and
absorption coefficients have been revised for most studied TM. For
each essential mineral, there is a range of dietary supply that
optimizes animal health; above that, the maximum tolerable level
and even toxicity might be reached, and below that, the animal can
be deficient. Either situation (i.e., deficiency and toxicity) might be
detrimental for animals and should be avoided (NRC, 2005). The
maximum tolerable level is defined as “the dietary level that, when
fed for a defined period of time, will not impair animal health or
performance” (NRC, 2005). In the NASEM (2021), Co, Fe, and Mn
recommendations are based on adequate intake and Cu and Zn
recommendations based on estimated average requirements.
Adequate intake is defined as “the daily nutrient intake to meet
or exceed the requirements based on limited experimental data” and
estimated average requirements as “average daily nutrient intake
estimated to meet the requirements of half of the healthy
individuals” (Institude of Medicine, 2006).
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TABLE 1 Comparison between previous dietary recommendations of cobalt, copper, iron, manganese, and zinc in dairy cows from National Research
Council and current from National Academies of Sciences, Engineering, and Medicine®.

10.3389/fanim.2023.1155361

Recommendations % of % of CFIA maximum value in cow diet®
requirement requirement

Cobalt, mg/kg of DM 0.11 - 0.20 - 5

Copper
Maintenance, mg/day 4.62 41 9.43 86 -
Pregnancy, mg/day 1.50 13 0.20 2 -
Lactation, mg/day 5.25 46 1.40 13 -
Total, mg/day 11.40 100 11.02 100 -
Absorption coefficient’ 0.040 - 0.045 - -
Recommended intake, mg/day 284.1 - 244.9 - -
Dietary concentration, mg/kg of DM 12.35 - 10.65 - 40

Iron
Maintenance, mg/day 0.00 0 0.00 0 -
Pregnancy, mg/day 0.00 0 0.00 0 -
Lactation, mg/day 35.0 100 35.0 100 -
Total, mg/day 35.0 100 35.0 100 -
Absorption coefficient’ 0.10 - 0.10 - -
Recommended intake, mg/day 350.0 - 350.0 - -
Dietary concentration, mg/kg of DM 15.22 - 15.22 - 500

Mangenese
Maintenance, mg/day 1.30 55 1.69 62 -
Pregnancy, mg/day 0.00 0 0.00 0 -
Lactation, mg/day 1.05 45 1.05 38 -
Total, mg/day 2.35 100 2.74 100 -
Absorption coefficient® 0.0075 - 0.0042 - -
Recommended intake, mg/day 313.3 - 652.4 - -
Dietary concentration, mg/kg of DM 13.62 - 28.36 - 150

Zinc
Maintenance, mg/day 29.25 17 115.00 45 -
Pregnancy, mg/day 0.00 0 0.00 0 -
Lactation, mg/day 140.00 83 140.00 55 -
Total, mg/day 169.25 100 255.00 100 -
Absorption coefficient’ 0.15 - 0.20 - -
Recommended intake, mg/day 1,128.3 - 1,275.0 - -
Dietary concentration, mg/kg of DM 49.06 - 55.43 - 280

CFIA, Canadian Food Inspection Agency; DM, dry matter; NASEM, National Academies of Sciences, Engineering, and Medicine; NRC, National Research Council.

'Based on a 650-kg cow producing 35 kg of milk per day at 150 days of gestation and consuming 23 kg of DM per day.

*Adapted from Canadian Food Inspection Agency (2021) for lactation cows, based on a DM basis. These values are a proposition for maximum trace mineral values in cow diets.
3Absorption coefficients are based on the NRC (2001) and NASEM (2021) models.

Frontiers in Animal Science 03 frontiersin.org


https://doi.org/10.3389/fanim.2023.1155361
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Duplessis and Royer

3 Current feeding practices regarding
selected trace minerals in dairy cows

The previous section stressed that some TM are essentials for
dairy cows, and this is why they should be found in animal diets. It
has been reported that bioavailability of some TM in home-grown
feedstuffs is relatively low (NRC, 2001). Moreover, it is well
documented that TM interactions occur in the rumen through
TM binding with fiber fractions or the formation of insoluble metal
complexes, such as with Cu, molybdenum, and sulfur (Spears,
2003), which also decrease their bioavailability. Hence, it is a
common practice to supplement cow diets with TM, either with
inorganic or organic forms, or a blend of both (Nocek et al., 2006).
To cope with the low bioavailability of ingredients, one can
formulate rations having higher TM concentrations than needed
as an insurance to fulfill cow requirements (Lopez-Alonso, 2012). A
survey has reported that 66% of Canadian nutritionists had
intentionally formulated a ration above their software criteria for
some TM (Duplessis et al., 2023). In a review, Lopez-Alonso (2012)
stated that there are 2 situations regarding TM feeding strategy: the
case of intensive and extensive farming. The former relies on high
producing animals receiving commercial TM supplement inputs
which are often given in amounts greater than the animal needs.
The latter aims to limit farm inputs including TM supplementation,
and relies on homegrown crop to fulfill TM requirements, which
could lead to deficiency depending on soil composition (Grace and
Knowles, 2012). According to Suttle (2022), in some situations, cow
TM requirements can mostly be fulfilled by TM naturally present in
feeds and forages. In the same line, Duplessis et al. (2021) reported
that forages included in the diet were apparently sufficient in most
herds to fulfill Co, Fe, and Mn requirements of lactating cows.

Cross-sectional studies have been conducted in some countries to
evaluate TM dietary supply in accordance to the recommendations
(Li et al., 2005; Hristov et al., 2007; Castillo et al., 2013; Sinclair and
Atkins, 2015; Duplessis et al, 2021). A survey conducted in 54
Wisconsin dairy herds revealed that 50 and 94% of farms feeding
total mixed ration had Zn and Cu concentrations exceeding NRC
recommendations, respectively (Li et al, 2005). They concluded,
however, that this oversupplying was unlikely to reach toxicity
leading to animal health issues. Castillo et al. (2013) also found
that diets from 39 Californian herds provided TM greater than the
NRC recommendations; centile 10" and 90™ ranging between 16 and
196, 1,940 and 3,924, 281 and 601, and 34 and 105% over the
recommendations for Cu, Fe, Mn, and Zn, respectively. Except for Fe,
dietary Cu, Mn, and Zn did not exceed the maximum tolerable levels
for dairy cows. Hristov et al. (2007) found that diets of lactating cow
on 6 Idaho farms had Cu and Zn concentrations exceeding NRC
recommendations. In central and northern England dairy farms,
Sinclair and Atkins (2015) observed that both early and late lactation
rations had Cu, Fe, Mn, and Zn concentrations well above NRC
requirements; with early lactation diets containing more TM per kg of
dry matter (DM) than late lactation diets. The average dietary Cu, Fe,
Mn, and Zn concentrations exceeded the NRC recommendations by
respectively 87, 3040, 654, and 106% in early lactation (Sinclair and
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Atkins, 2015). In 100 Canadian dairy herds, Duplessis et al. (2021)
concluded that dietary supplies of Co, Cu, Fe, Mn, and Zn were
higher than the NRC recommendations, but the adequacy between
supply and requirement was better for cows having less than 21 days
in milk than thereafter in the lactation. In that cross-sectional study,
the median percentages of supply above the recommendations for
Co, Cu, Fe, Mn, and Zn were 405, 52, 1,460, 372, and 65%,
respectively (Duplessis et al., 2021). The current management of
overfeeding TM can cause TM accumulation in cow body and have
detrimental health impact (Daniel et al., 2023). A case of chronic Cu
poisoning in one UK herd feeding a ration containing 50 mg of Cu/kg
of DM intake was reported (Bidewell et al., 2012). Moreover, Kendall
et al. (2015) found that 40% of dairy cows in UK had a liver Cu
concentration above healthy range, making them more susceptible to
chronic Cu toxicity. Hence, dietary Cu concentration should be
closely monitored to avoid toxicity (Grace and Knowles, 2015) and
even recommendations should be stricter (Suttle, 2016). In this
regard, the Canadian Food Inspection Agency (CFIA) has
proposed maximum TM concentrations allowed in dairy cattle
diets (Table 1), which are well above the NASEM
recommendations (CFIA, 2021). For Cu and Fe, the proposed
maximum concentrations equal the maximum tolerable levels
whereas for Co, Mn, and Zn the values proposed by CFIA are
lower by 5, 13, and 1.8 folds than the maximum tolerable levels
reported in NRC (2005). In comparison, European regulations are
stricter (Hejna et al., 2018). According to Suttle (2022), maximum
TM tolerable levels are often considered as optimal TM levels, which
amplifies TM overfeeding.

In the past years, NRC (2001) recommendations for TM have
been criticized (Overton and Yasui, 2014). Indeed, these authors
mentioned that the evaluation of cow TM requirements based on
the classical factorial approach is not perfect because quantities
needed to optimize functions in which TM are related, such as
immunity, oxidative metabolism, and other biological functions are
very difficult to measure. Given the role of some TM in immunity
and oxidative metabolism, cows in transition and early lactation
might have greater TM requirements than cows in mid- or late-
lactation. Castillo et al. (2013) stated that this might support a
modest TM overfeeding during the transition period. The majority
of Canadian dairy nutritionists also responded that the transition
period is the most critical period regarding TM (Duplessis
et al,, 2023).

Early lactation cows overfed Zn had greater metalloenzyme
activity known for their antioxidant effects in their blood compared
with cows receiving the basal diet without Zn supplementation
(Sobhanirad and Naserian, 2012). In their experiment, Weiss and
Socha (2005) concluded that Mn requirements for lactating and dry
cows in the NRC (2001) reference were not sufficient to meet animal
needs. In the same line, Nocek et al. (2006) observed an improved
reproductive performance, such as earlier days in milk at first estrus,
when cows received a mineral supplement containing 9.1 and 3.3
times NRC (2001) requirements for Co and Mn, respectively, from
55 days before calving until almost 2 lactations. However, in mid-
lactation cows, supplying a mineral supplement providing 2 times
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the NRC requirements for Cu, Mn, and Zn failed to have positive
impacts on oxidative metabolism and the immune system (Yasui
et al,, 2019). Moreover, Marchand et al. (2022) did not observe any
positive effects on major ruminal fermentation characteristics and
fiber and starch digestibility to increase the levels of TM above
requirements in mid-lactation cows. In a report, Goselink and
Jongbloed (2012) concluded that results of studies evaluating
benefits of feeding Cu and Zn above the requirements to dairy
cows were variable and inconclusive, although some suggested a
decrease of somatic cell count in milk when feeding Zn in excess of
requirements (Sobhanirad et al., 2010). In a review that compiled
100 years of mineral research in dairy cattle, Weiss (2017) stated
that TM deficiency symptoms have been well studied, but impacts
of TM overfeeding on animal responses have not been well covered.

Numerous recent studies have been conducted to compare
performance between animals receiving either inorganic or
organic sources of TM (Rabice et al, 2010; Akins et al,, 2013;
Faulkner et al., 2017; Mion et al., 2023). Although it is beyond the
scope of this review to discuss the difference between these 2 sources
of TM, organic TM supplement are claimed to be absorbed more
efficiently than their inorganic form, although conflictual results
exist in the literature in which no absorption improvement was
noted (Faulkner et al, 2017; Goff, 2018). A better absorption
coefficient of organic sources could probably be associated with
lower TM excretion in manure along with lesser dietary quantity
needs of TM supplements to obtain the same animal performance
compared with the use of inorganic source (Nocek et al., 2006),
although this statement was criticized by Suttle (2022).

4 Impact of trace mineral feeding
on trace mineral concentrations
in manure

As previously mentioned, for various reasons, there is a current
tendency to formulate cow diets above TM recommendations. The
major concern about feeding TM above the recommendations is the
increase TM excretion in manure which could have deleterious impact
on the ecosystem (Brugger and Windisch, 2015). Indeed, TM
concentrations of manure is a mirror of TM concentrations in the
diet (Hejna et al, 2019), in which dietary TM concentrations are
positively correlated with manure TM concentrations (Wang et al,
2013). Faulkner et al. (2017) found that a diet providing greater Zn
ended with greater manure Zn concentration. Nevertheless, the higher
Mn concentration in a by-product-fiber based diet compared to a
forage-based diet did not result in a higher manure Mn concentration,
but in a higher apparent Mn absorption [i.e. (Mn intake — Mn in feces)/
Mn intake] (Faulkner et al., 2017). In the trial of Weiss and Socha
(2005), supplying more Mn in the ration led to greater Mn excretion in
manure and also to greater apparent Mn absorption. Wang et al. (2013)
compared Cu and Zn concentrations in cow manure in China at 3
different time points and found that Cu and Zn concentrations in
manure increased by 212 and 95%, respectively, from 1990 to 2008.
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They mentioned that this could probably be explained by the increase
TM supplementation in cow diets. Marchand et al. (2022) reported that
when ingestion of Co, Mn, and Zn was higher by 206, 229 and 93%,
respectively, fecal excretion in these minerals was higher by 221, 202
and 73%, respectively.

Table 2 summarizes TM concentrations of dairy cow manure,
feces, and/or urine from several studies conducted in different regions
of the world. Copper and Zn are the 2 most studied TM. Trace mineral
concentrations of urine are lower than in feces (Safley et al., 1984;
Weiss and Socha, 2005; Hristov et al., 2007). Hence, feces are the
major contributor of TM concentrations in manure. Wide variations
among studies and among animals within the same study exist.
Manure Cu and Zn concentrations varied from 24 to 409 and from
127 to 239 mg/kg of DM, respectively (Table 2). Different feeding
management among regions could partially explain the variability
among trials. For cows receiving a corn and alfalfa silage-based diet,
percentages of Cu, Mn, and Zn found in feces from the dietary intake
averaged about 97, 89, and 76%, respectively (Faulkner et al,, 2017).
These data stressed that apparent TM absorption is low.

5 Discussion

Previous sections have shown that TM have important roles to
play in cattle metabolism, but have also demonstrated that,
worldwide, cows are generally fed a ration containing higher TM
than the animal requirements. Excess dietary TM ends up in the
manure and manure spreading can cause a long-term TM build up in
soils. Moreover, some TM, such as Cu and Zn, are also used in
footbaths for digital dermatitis control. Bolan et al. (2003) observed
that dairy herds using Cu footbath had greater Cu concentration in
manure. Using large quantities of TM in herd management can have
harmful impact on the environment if we continue to ignore it and
work independently rather than in an integrated manner. According
to Hristov et al. (2007), the best way to reduce TM concentrations in
manure is by achieving TM precision nutrition. However, there are
several bottlenecks for TM precision nutrition. For instance, most
nutritionists use their software references for TM concentrations of
ingredients to formulate cow diets (Duplessis et al., 2023). Hence, the
actual TM provided by the diet might greatly differ from the predicted
TM supply by the software. Weiss (2017) stated that: “A more
holistic, whole-farm approach to mineral supplementation is
needed.” Indeed, since dietary TM concentrations reflect manure
TM concentrations, there is an urgent need to assess the impact of
TM feeding management on the ecosystem equilibrium. In their
review, Powell and Broderick (2011) stressed the fundamental role of
transdisciplinary dairy nutrition-soil science research to assess
environmental challenge. Future research can take this concept
even further by extending the integration of knowledge to dairy
nutrition, soil and plant science, water quality, and human and
animal health using the One Health approach. Furthermore, it has
been shown that cyanobacteria have TM requirements to grow,
especially Fe, and cause bloom in freshwater that could be

frontiersin.org


https://doi.org/10.3389/fanim.2023.1155361
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Duplessis and Royer

10.3389/fanim.2023.1155361

TABLE 2 Manure, feces, and/or urine concentrations (mg/kg of dry matter) of cobalt, copper, iron, manganese, and zinc of dairy cows from different

studies.

Trace minerals Manure' Feces Urine Region/State, Country Study
Cobalt 2.5 (0.8-7.2) - - New York, USA McBride and Spiers (2001)
Copper - 32 - Northern Italy Hejna et al. (2019)
409 - - New York, USA Brock et al. (2006)
- 55.1 (SE: 2.0) 0.31 (SE: 0.01) Ohio, USA Faulkner et al. (2017)
74 (32-124) 65 (32-86) 0.1 (ND-0.2) Idaho, USA Hristov et al. (2007)
44 (6-180) - - Bursa, Turkey Kilic et al. (2014)
139 (18-1,100) - - New York, USA McBride and Spiers (2001)
37 (13-160) - - Switzerland Menzi and Kessler (1998)?
38 (26-56) - - England and Wales Nicholson et al. (1999)
24 (SD: 4) - - Lombardy, Italy Provolo et al. (2018)
40 (20-140) 50 (SD: 20) 10 (SD: 10) North Carolina, USA Safley et al. (1984)
56 (21-342) - - Jiangsu, China Wang et al. (2013)
31 (10-113) - - Northeast China Zhang et al. (2012)
Iron 1,300 (500-4,000) 90 (SD: 80) 1,600 (SD: 700) North Carolina, USA Safley et al. (1984)
Manganese - 196.8 (SE: 7.3) 0.01 (SE: 0.01) Ohio, USA Faulkner et al. (2017)
150 (56-422) - - Bursa, Turkey Kilic et al. (2014)
130 (SD: 6) - - Lombardy, Italy Provolo et al. (2018)
- 200 (SD: 100) 3 (SD: 4) North Carolina, USA Safley et al. (1984)
Zinc 239 - - New York, USA Brock et al. (2006)

- 147.9 (SE: 7.0)

0.05 (SE: 0.01)

Ohio, USA

Faulkner et al. (2017)

- 387 - Northern Italy Hejna et al. (2019)
156 (98-232) 275 (207-316) 14 (1.1-1.7) Idaho, USA Hristov et al. (2007)
130 (22-443) - - Bursa, Turkey Kilic et al. (2014)
191 (87-488) - - New York, USA McBride and Spiers (2001)
162 (102-395) - - Switzerland Menzi and Kessler (1998)2
153 (99-238) - - England and Wales Nicholson et al. (1999)
210 (SD: 23) - - Lombardy, Italy Provolo et al. (2018)
190 (70-790) 200 (SD: 100) 30 (SD: 20) North Carolina, USA Safley et al. (1984)

213 (68-535) -

127 (17-377) -

ND, not detected; SD, standard deviation; SE, standard error.
'Manure included feces and urines.
“Median reported and minimum and maximum values within parenthesis.

Jiangsu, China

Northeast China

Wang et al. (2013)

Zhang et al. (2012)

Otherwise specified, means are presented followed by minimum and maximum values in parentheses when available.

detrimental to human and animal health (Facey et al., 2019). It is not
known whether high concentrations of TM from cattle overfeeding
are responsible for impaired water quality. However, TM in excess of
requirements are directly excreted into the manure. When manure
with high concentrations of TM is repeatedly applied to fields, it can
be hypothesized that many different environmental problems can
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emerge such as eutrophication and potentially cyanobacterial growth
in freshwater bodies. On the other hand, at high concentrations, Cu
and Zn can be toxic to cyanobacteria (Facey et al., 2019).

Unlike P and N, TM are overlooked when it comes to manure
spreading rate calculations as current fertilisation recommendations
are solely based on N, P, and potassium (K), and crop requirements
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for TM are not well known (CRAAQ, 2010). In addition, TM are not
included in eutrophication management strategies, due to a lack of
knowledge about their environmental effects. Given the wide
variability of TM concentrations in manure, future holistic studies
should aim at assessing the role of TM in cow manure on the
ecosystem. Hence, an integrated approach studying the impact of cow
feeding management with respect to TM on the animal-soil-plant-
water system is needed.
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