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Abstract
Phosphorus is an essential element involved in numerous biological reactions
in animal organisms. However, environmental issues such as water pollution re-
sulting from phosphorus excretion in livestock and poultry farming, particularly
in ruminant production, have become a focal point of industry concern. Conse-
quently, improving phosphorus utilization efficiency and reducing phosphorus
excretion represent urgent challenges facing the industry. This paper summa-
rizes research progress on phosphorus utilization in ruminant animals, outlines
measures to enhance phosphorus utilization efficiency based on their metabolic
characteristics, and proposes directions for future research.
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Abstract: Phosphorus is an essential macro-mineral element that participates
in numerous biological processes within animal organisms. However, environ-
mental issues arising from phosphorus excretion in livestock farming, particu-
larly from ruminant operations, have become a major industry concern, with
water pollution being especially problematic. Consequently, improving phos-
phorus utilization efficiency while reducing phosphorus emissions represents an
urgent challenge for the sector. This review synthesizes current research progress
on phosphorus utilization in ruminants, summarizes measures to enhance phos-
phorus use efficiency based on ruminant metabolic characteristics, and proposes
directions for future research.
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Phosphorus constitutes one of the essential macro-mineral elements in animal or-
ganisms, playing vital roles in bone development, intracellular energy transfer,
blood acid-base balance, and enzymatic reactions. In ruminants, phosphorus
fulfills more critical biological functions within both the animal body and ru-
men microbiota than other minerals. Insufficient phosphorus intake disrupts
normal metabolism, impairing reproductive and productive performance, while
excessive phosphorus supplementation not only wastes mineral resources but
also causes environmental problems such as soil and water eutrophication, re-
sulting in economic losses and increased burdens for producers. Livestock ex-
crete substantial phosphorus through feces; for instance, 58% of phosphorus
intake is eliminated via feces in lactating dairy cows [1]. In the United States,
livestock operations contribute 33% of phosphorus entering water bodies [2],
with ruminants accounting for approximately 60% of total phosphorus excre-
tion from livestock farming [3]. As national regulations increasingly strengthen
pollution control and strictly limit manure discharge, and given that global
mineral phosphorus resources may become scarce and expensive [4], the indus-
try must urgently address how to reduce dietary phosphorus supplementation
while maintaining normal productive performance, improve phosphorus utiliza-
tion efficiency in ruminants, and minimize phosphorus excretion. This review
primarily summarizes phosphorus digestion and metabolism characteristics, re-
quirements, and effects on productive performance in ruminants, and discusses
strategies for improving phosphorus utilization to guide phosphorus reduction
efforts in production practice.

1 Digestion and Metabolism Characteristics of Phosphorus
Total phosphorus entering the digestive tract comprises two components: en-
dogenous and exogenous phosphorus. The exogenous portion originates from
the diet, while the endogenous portion primarily comes from saliva. Rumi-
nants exhibit low absorption rates of phosphate ions in the forestomach, with
phosphorus absorption occurring mainly in the anterior small intestine. Unlike
monogastric animals, which utilize both vitamin D-dependent active transport
and passive absorption for phosphorus uptake in the small intestine, the primary
absorption mechanism in ruminants remains unclear. Carrier-mediated trans-
port may reduce phosphorus absorption efficiency at high concentrations [5],
potentially explaining why phosphorus supplementation decreases utilization ef-
ficiency. Numerous nutritional factors affect phosphorus utilization, including
dietary phosphorus content, total phosphorus level, phosphorus source, forage-
to-grain ratio, and dietary calcium content. Animal age, physiological stage,
and endocrine hormones also influence phosphorus digestion and metabolism.
Researchers have employed metabolic models to predict phosphorus absorption
and excretion; for example, Hill et al. [6] developed a dynamic model of phos-
phorus digestion in lactating dairy cows assuming a phosphorus intake of 75 g/d,
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with total tract digestibility of 38%, 65% recycled into the rumen via saliva, and
30% utilized for milk synthesis. Phytate phosphorus digestibility in the rumen
reached 74%, but no absorption occurred in the posterior digestive tract, while
inorganic and organic phosphorus digestibility in the posterior tract was 48%
and 89%, respectively. Common indicators for dietary available phosphorus
include apparent phosphorus digestibility and relative biological value, though
only true phosphorus digestibility accurately reflects absorption and utilization.
Current research lacks a standardized evaluation system for effective phospho-
rus utilization, making it difficult to unify and quantify the effects of different
factors. Research in this area should therefore become a priority, particularly
regarding phytate phosphorus, which constitutes a large proportion of ruminant
diets and shows potential for reducing phosphorus excretion.

1.1 Intraruminal Digestion of Phytate Phosphorus

While phytase is widely used as a feed additive in monogastric animals, rumi-
nants can effectively utilize dietary phytate phosphorus because rumen microor-
ganisms produce phytase. Phytic acid (myo-inositol hexakisphosphate, IP-6)
represents the primary storage form of phosphorus in cereal grains and their by-
products, comprising a high proportion of total phosphorus in ruminant diets.
Under the action of microbial phytase synthesized in the rumen, phytic acid
hydrolyzes into lower phosphorylated inositols [inositol monophosphate (IP-1),
inositol diphosphate (IP-2), inositol triphosphate (IP-3), inositol tetraphosphate
(IP-4), inositol pentaphosphate (IP-5)] and phosphate groups, which are further
digested and absorbed in the small intestine. Ray et al. [7] measured phytate
excretion in feces and found that dairy cows digest phytate at remarkably high
rates of 93–99%. Supplemental phytate phosphorus did not affect its hydrolysis
in the rumen, indicating that increased phytate intake does not saturate ruminal
phytase activity. The study also demonstrated that phosphorus source had no
significant effect on net inorganic phosphorus digestion or phytate phosphorus
digestibility in the large intestine, suggesting that changes in total phosphorus
content influence phosphorus excretion more than dietary phosphorus source
differences.

Phytate hydrolysis characteristics vary among different feed ingredients [8], as
does their ability to bind with proteins and other nutrients, likely due to differ-
ences in phytate storage forms and locations within plant seeds [9]. In oilseeds,
phytate primarily resides in the aleurone layer, while in soybeans and corn it is
located in protein bodies and germ, respectively. Consequently, oilseeds and ce-
real by-products generally contain high phytate phosphorus levels, whereas for-
ages contain low phytate levels, existing only in alfalfa and some grasses. Feed
processing methods such as heat treatment and formaldehyde treatment, along
with dietary composition, affect phytate digestion and utilization. Increasing
dietary phytate content promotes its degradation in the rumen and total di-
gestive tract of dairy cows, whereas phosphorus supplementation produces the
opposite effect [10], consistent with Haese et al.’s [11] in vitro findings. Haese
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et al. [11] also observed significant differences in phytate degradability among
feed ingredients; although high phytate content improved ruminal digestibility,
oilseed meals, particularly rapeseed meal, showed lower degradation rates than
cereal ingredients. Therefore, when diets contain oilseed meals, increasing phy-
tate content can promote ruminal degradation, especially for high-producing
dairy cows where increased dry matter intake (DMI) reduces rumen retention
time and suboptimal fermentation conditions limit phytate degradation [12].
Dietary composition also affects ruminal phytase activity [11], necessitating fur-
ther research on characteristics of different microorganisms and their phytase
production.

NRC (2001) specified phosphorus digestibility values of 64% and 70% for for-
ages and concentrates, respectively. Cherry et al. [13] used the mobile nylon bag
technique to measure phosphorus degradation from forages in Holstein steers,
reporting total tract phosphorus digestibility of 90.6%, 93.7%, and 83.8% for
corn silage, alfalfa hay, and bermudagrass hay, respectively. Forage maturity
stage significantly affects phosphorus degradation; for example, phosphorus to-
tal tract digestibility decreased by 5.4% in forages harvested 35 days after first
cutting compared to 14 days [14]. Wu [15] further demonstrated that replacing
alfalfa hay with soybean hulls reduced phosphorus excretion by improving phos-
phorus digestibility without affecting dairy cow performance, indicating that
using highly digestible fiber sources can lower dietary phosphorus content while
meeting requirements, thereby reducing phosphorus excretion.

These findings suggest that precise knowledge of phosphorus release from dif-
ferent feed ingredients throughout the digestive tract is essential, and their
phosphorus digestibility should be fully considered during diet formulation.

1.2 Postruminal Digestion of Phytate Phosphorus

Further hydrolysis of phytate passing through the rumen can occur, though re-
search in this area remains limited. Both monogastric animals and ruminants
primarily absorb phosphorus in the small intestine [16]; however, phytate phos-
phorus digestibility in the small intestine of dairy cows is low [17]. Chopped
forage affects phosphorus flow and absorption, increasing phosphorus passage
through the small intestine and consequently phosphorus excretion [12]. Riojas-
McCollister et al. [14] observed significant phosphorus release from forages like
alfalfa in the postruminal digestive tract. The primary degradation sites for
phosphorus from different ingredients may vary. Cherry et al. [13] found sub-
stantial differences in phosphorus degradation from feed ingredients across di-
gestive tract segments, with some legume forages showing primary digestion in
the intestine, possibly due to condensed tannins that bind phosphorus and slow
ruminal degradation. Large intestinal microorganisms can also produce phy-
tase to catalyze limited phytate hydrolysis. Ray et al. [7] observed phosphorus
absorption in the large intestine, with 16% of phytate flowing from the ileum
degraded in the large intestine, unaffected by dietary phytate content. Rumen
and large intestinal microbial phytases may have different substrate preferences,
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potentially compensating for insufficient phytate degradation and phosphorus
absorption in the anterior intestine. Further research is needed on phytate
degradation sites and their digestion and absorption in the large intestine.

Comparing studies to identify factors affecting phytate degradation is challeng-
ing due to variations in DMI, dietary composition, sampling, and analytical
methods. Moreover, factors observed in vitro may not apply in vivo. Current
research primarily lacks a standardized evaluation system for effective phospho-
rus utilization. Future studies should focus on: (1) quantitatively describing
phosphorus absorption in the digestive tract and endogenous phosphorus secre-
tion to improve dynamic models of phosphorus digestion and metabolism; (2)
investigating phosphorus degradation characteristics of different feed ingredients
to obtain true digestibility data for diet formulation; and (3) exploring effects
of microbial flora on production of different phytase types and phytate phos-
phorus digestion, along with determining optimal phosphorus levels for rumen
microorganisms under these conditions.

2 Phosphorus Requirements of Ruminants
NRC (2001) recommends dietary phosphorus concentrations of 3.20–3.80 g/kg
DM for dairy cows producing 25–55 kg of milk, with a phosphorus requirement
of 3.2 g per kg of milk containing 4.5% fat. Liu [18] reported that these rec-
ommendations are adequate for lactating dairy cows, with direct measurement
of milk phosphorus content yielding a lactation requirement of 0.9 g/kg milk.
Phosphorus concentrations exceeding 3.8 g/kg DM showed no significant effects
on reproductive or productive performance. Although some studies indicate
that feeding phosphorus above NRC (2001) recommendations does not affect
performance [19], actual feeding levels still exceed NRC (2001) by 30% [20], in-
dicating widespread over-supplementation in practice. Geisert et al. [21] found
that feeding heifers diets containing 0.10% phosphorus caused deficiency, while
the optimal requirement ranged from 0.10% to 0.17%, with this range also re-
ducing phosphorus excretion, making phosphorus supplementation unnecessary
in grain-based diets.

Bjelland et al. [22] suggested that dietary phosphorus concentrations of 0.20%–
0.35% meet the nutritional needs of replacement dairy heifers, while Kebreab
et al. [23] identified excessive phosphorus feeding as the primary cause of en-
vironmental phosphorus pollution from dairy operations. China’s “Feeding
Standard for Meat Sheep”(NY/T 816—2004) recommends 0.35% dietary phos-
phorus for growing goats, while Wang et al. [24] demonstrated that 0.29%–0.41%
dietary phosphorus meets the nutritional requirements of Laoshan dairy goats,
with 0.59% phosphorus increasing excretion and reducing apparent phosphorus
digestibility.

Most studies recommend moderately reducing dietary phosphorus concentra-
tions in ruminants, though current optimal supplementation levels are based
on indicators such as reproductive performance, milk yield, and bone stability
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[25]. Reducing dietary phosphorus to decrease fecal phosphorus excretion is cur-
rently encouraged. Macrae et al. [26] observed hypophosphatemia in over 10% of
early-lactation cows, possibly resulting from increased phosphorus requirements
due to lactation or higher milk production, combined with low prepartum di-
etary phosphorus or minimal feed intake during early lactation. Knowlton et
al. [27] similarly suggested that early-lactation cows fed low-phosphorus diets
must mobilize bone phosphorus to meet maintenance and production needs.
However, Eisenberg et al. [28] found that feeding low-phosphorus diets (0.2%)
did not compromise dairy cow health by impairing intracellular immune func-
tion. Therefore, research on ruminant phosphorus requirements should examine
metabolic aspects beyond reproductive and productive performance.

3 Effects of Phosphorus Content on Performance, Nutrient
Digestibility, and Phosphorus Excretion
Total phosphorus intake is generally considered the primary determinant of
phosphorus excretion in dairy cows, with many studies confirming a positive
correlation [29]. Feeding low-phosphorus diets can significantly reduce phos-
phorus excretion [30]. Intestinal phosphorus absorption and bone phosphorus
deposition/resorption constitute the main regulatory mechanisms maintaining
appropriate blood phosphorus levels, with bone phosphorus balance related to
phosphorus intake and ruminal phytase activity. Therefore, reducing phospho-
rus intake below recommended levels may not necessarily improve phytate phos-
phorus utilization. Dietary phosphorus concentration does not affect apparent
DM digestibility in lactating dairy cows, with apparent phosphorus digestibility
ranging from 36.61% to 38.76% [31]. Zhao et al. [32] found that 0.32% dietary
phosphorus did not affect Holstein dairy cow performance, though apparent
phosphorus digestibility decreased significantly with increasing phosphorus in-
take. Reducing dietary phosphorus concentration also significantly decreased
phosphorus excretion [33] and significantly affected apparent digestibility of
neutral detergent fiber and acid detergent fiber [34]. Under heat stress condi-
tions, Holstein dairy cows fed 0.29% dietary phosphorus showed significantly
lower milk yield and milk fat percentage compared to those fed 0.35% and
0.42% phosphorus, with calcium and phosphorus metabolism also affected [35].
Puggaard et al. [36] similarly observed that reducing dietary phosphorus from
3.4 to 2.3 g/kg DM significantly decreased DMI, milk yield, and milk protein
production in early-lactation dairy cows.

In summary, numerous studies on ruminant phosphorus requirements, relation-
ships between dietary phosphorus and nutrient digestibility, and effects of di-
etary phosphorus on performance generally support moderate reductions in di-
etary phosphorus. However, inconsistent results across studies may stem from
different phosphorus sources—for example, both dicalcium phosphate and wheat
bran can rapidly increase dietary phosphorus, yet their differential effects on
experimental outcomes are often overlooked. Beyond factors like experimen-
tal animals and diets, the primary issue is the lack of a standardized effective
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phosphorus evaluation system. Apparent phosphorus digestibility and relative
biological value cannot reflect true phosphorus absorption and utilization, and
the absence of accurate assessment of effective phosphorus in feed ingredients
represents the fundamental cause of excessive phosphorus excretion, warranting
primary focus in future research.

4.1 Supplementation of Exogenous Phytase

Endogenous plant phytase plays a minor role in phytate degradation in the
rumen, making it impractical to promote phytate hydrolysis by increasing the
proportion of concentrate containing high endogenous phytase [11]. Exogenous
phytase, a widely used feed additive for monogastric animals derived from bacte-
ria, yeast, Aspergillus niger, and other microorganisms [37], has few commercial
applications for ruminants. Knowlton et al. [38] found that supplementing lac-
tating dairy cows with exogenous phytase reduced fecal phosphorus excretion.
Although Jarrett et al. [12] observed contrary results, their study showed that
phytase increased phytate phosphorus digestibility from 96.7% to 97.6% and
rapidly degraded phytate phosphorus to inorganic phosphorus in total mixed
rations (TMR). Kincaid et al. [39] increased total tract phytate phosphorus di-
gestibility from 80% to 85% by supplementing dairy cows with phytase. These
results suggest that phytase supplementation may promote phytate phospho-
rus degradation while reducing total dietary phosphorus, thereby improving
phosphorus digestibility and reducing excretion, though the effectiveness of ex-
ogenous phytase in ruminants requires further investigation.

4.2 Optimization of Feed Processing Technology

As previously discussed, phytate digestibility depends on its storage form and
distribution in plant feedstuffs, with phytate primarily located in the aleurone
layer and outer bran. Mechanical processing to separate these components can
effectively reduce phytate phosphorus content [40], though grinding and other
methods may cause nutrient losses, and ruminant diets already contain cereal
by-products. Fermentation effectively degrades phytate phosphorus [41] because
lactic acid bacteria and yeast produce phytase [42], and microbial acid produc-
tion lowers feed pH, facilitating endogenous plant phytase activity [43]. Heat
treatment and chemical agents like formaldehyde reduce ruminal solubility, but
lactic acid treatment of barley enhances starch and fiber digestion while cat-
alyzing phytate hydrolysis and promoting phosphorus digestion. Barley treated
with organic acids like lactic and citric acid also improves ruminant NDF di-
gestion, possibly through effects on rumen bacterial flora. Germination rapidly
reduces phytate content while increasing phytase activity [44], though effects of
sprouted grains on growth and performance in ruminants require further study.
Additionally, soaking can remove phytate by exploiting its water solubility, with
soaking conditions also favoring increased phytase activity for effective phytate
degradation, though this process may cause losses of other nutrients. These
methods can reduce phytate content and enhance phytase activity to varying
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degrees, but their effects on digestion of other nutrients must be considered
comprehensively.

4.3 Optimization of Dietary Formulation

Phosphorus homeostasis is primarily regulated through salivary phosphorus re-
cycling and endogenous phosphorus excretion, both closely related to phospho-
rus absorption in ruminants [45]. Calcium and phosphorus promote growth,
maintain normal immune function, and improve productive performance [46].
Earlier research suggested optimal calcium-to-phosphorus ratios of 1–7:1. How-
ever, calcium binds with phytate in the rumen to form poorly available calcium
phytate, inhibiting phytase hydrolysis and reducing calcium utilization. Ex-
cess calcium and other metal ions such as iron, magnesium, and aluminum
can combine with phosphate to form insoluble salts that hinder phosphorus ab-
sorption. Ruminants lack mechanisms to excrete excess calcium, and dietary
calcium levels tend to be high, making appropriate calcium-to-phosphorus ra-
tios and calcium concentrations crucial for phosphorus utilization. Vitamin D
is an important factor for maintaining extracellular fluid phosphorus homeosta-
sis; 1,25-dihydroxyvitamin D promotes intestinal phosphorus absorption, and
its production is stimulated when plasma phosphorus is low. Active transport
of low phosphorus concentrations also depends on vitamin D, making vitamin
D supplementation particularly important when formulating low-phosphorus di-
ets. Additionally, as previously mentioned, the availability of phosphorus from
concentrate ingredients requires careful consideration, though this necessitates
fundamental research support.

5 Summary
Overall, current production practices can effectively reduce phosphorus excre-
tion by moderately decreasing actual phosphorus supplementation levels in ru-
minant diets. However, research on the true availability of phosphorus from
different feed ingredients remains limited, and standardized methods for eval-
uating phosphorus digestibility need establishment to enable effective compar-
ison of study results, optimize dynamic models of phosphorus digestion and
metabolism, and balance various factors in diet formulation to improve phos-
phorus digestibility.
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