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The primary focus of low CP diets and the inclusion of legume silages for dairy cows is to decrease feed
costs and mitigate the environmental impact of milk production. This systematic review and meta-
analysis were conducted to evaluate the effects of dietary CP level on the performance, metabolism,
and N use efficiency (NUE; g milk N output/kg N intake) of dairy cows fed legume-based rations. A total
of 36 production trials with 102 treatment means were included, and the effect of dietary CP level was
estimated using the raw-mean difference between control (high CP) and low CP diets. Publication bias
was examined using Begg’s and Egger’s tests. Meta-regression and subgroup analyses were performed
to explore the heterogeneity of the response variables. Reducing dietary CP from 171 g/kg DM to
145 g/kg DM in forage legume-based diets resulted in decreased DM intake (−0.62 kg/d), milk yield
(−1.41 kg/d), milk protein (−0.22 g/kg), milk urea N (MUN; −3.47 mg/dL), plasma urea N
(−1.85 mmol/L) and condition score (−0.03) in dairy cows. Similarly, nutrient intake, diet digestibility,
total urine output, N excretion through milk, urine and faeces, urine N/total N intake, rumen
ammonia-N and molar proportion of butyrate were decreased (P < 0.05) in cows receiving low CP diets
compared with those fed the control. In contrast, low CP diets increased (P < 0.05) the faecal N/total N
intake, NUE, and plasma content of non-esterified fatty acids. Subgroup analyses revealed that the effect
size of DM intake, milk yield, MUN, urinary N excretion and rumen ammonia-N content had less of a neg-
ative impact (P < 0.05) when cows received dietary CP levels of 140–155 g/kg DM than < 140 g/kg DM.
The inclusion of rumen-protected methionine in low CP diets increased (P = 0.04) DM intake and tended
to improve (P = 0.08) the milk protein content of dairy cows. Feeding lucerne silage-based low CP diets
showed an improvement (P < 0.05) in apparent diet digestibility but reduced milk yield (−1.46 kg/d) rel-
ative to red clover silage-based rations. The inclusion rate of legume silages in low-CP diets beyond 40% of
the forage DM reduced (P < 0.01) DM intake and milk protein content. We conclude that legume silage-
based low CP diets enhance NUE but have adverse effects on dairy cow performance that can partially be
mitigated by including rumen-protected methionine and limiting their proportion in the forage compo-
nent of the diet.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of The animal Consortium. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

Feeding low-protein, legume silage-based diets offers practical
strategies for reducing the environmental impact of dairy farming
by enhancing nitrogen use efficiency. However, these diets may
compromise feed intake and milk production, potentially affecting
overall farm performance. The inclusion of rumen-protected
methionine and careful management of legume silage proportions
in low protein diets can help to mitigate the performance losses.
Future research on low−protein diets should focus on optimising
legume silage inclusion rates and amino acid supplementation to
develop cost-effective, environmentally sustainable feeding strate-
gies that maintain production efficiency across diverse farming
systems.
Introduction

The principle objective in reducing the CP content of dairy cow
diets is to decrease feed costs and minimise the excretion of N
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through urine and manure (Sinclair et al., 2014; Yang et al., 2022).
The most effective approach to improve N utilisation and decrease
N loss is to avoid overfeeding protein (Broderick et al., 2015;
Chowdhury et al., 2023, 2024). Extensive research has been con-
ducted to determine the optimal dietary protein concentration that
maximises the conversion of protein into milk N and improves N
use efficiency (NUE; g milk N output/kg dietary N intake; Letelier
et al., 2022; Chowdhury et al., 2023; Seleem et al., 2023).

Feeding low CP diets to early or mid-lactation dairy cows has
been widely studied, although the response has not always been
consistent, possibly due to a wide variety of dietary ingredients,
supplementation strategies and treatments being based on CP con-
tent rather than the metabolisable protein (MP) supply (Lee et al.,
2015; Oh et al., 2019; Van den Bossche et al., 2023). Most nutri-
tional systems (e.g. INRA, 2018; NASEM, 2021; NRC, 2001;
Thomas, 2004) consider dietary CP as containing two major frac-
tions: that which is degraded in the rumen and available for micro-
bial CP synthesis (rumen degradable protein, RDP), and that which
by-passes the rumen and is subsequently available for digestion
and absorption in the small intestine (rumen undegradable pro-
tein, RUP). The combination of digestible microbial CP, along with
digestible RUP, provides the MP supply to the dairy cow for main-
tenance, milk performance, tissue deposition, and foetal growth
(Sinclair et al., 2014). A meta-analysis of 207 production trials
(Huhtanen et al., 2008) identified dietary CP content and rumen
protein balance as key predictors of apparent milk NUE. Similarly,
Chowdhury et al. (2023, 2024) reported that dietary CP concentra-
tion could be reduced to around 150 g/kg DM without affecting
performance if the diets met the cow’s MP requirements. However,
other dietary and animal variables such as forage source, parity
and days of lactation can also have a strong influence on nutrient
utilisation and milk performance in dairy cows (Broderick, 2018;
Letelier et al., 2022).

Home-grown forage legumes are attractive silages to include in
the diet of dairy cows as they reduce the requirement for pur-
chased protein sources because of their high CP content compared
with grass or maize silages (Dewhurst, 2013; Sinclair et al., 2015).
However, forage protein is more degradable in the rumen than
vegetable protein sources such as soybean or rapeseed meals, mak-
ing it more challenging to meet the MP requirements of high-
producing dairy cows (Chowdhury et al., 2023). Indeed, a meta-
analysis showed that cows’ feed intake and milk yield response
to different grass and legume species were variable when various
combinations of grass or legume silage were fed (Johansen et al.,
2017). The effect of reducing the dietary CP concentration on the
performance of dairy cows fed legume silage-based diets, particu-
larly those based on red clover, peas or beans forages, has however,
not been widely studied. Moreover, there may be other factors (an-
imal and dietary) such as CP level, legume silage inclusion rate,
supplementation of rumen-protected amino acid (RP-AA), parity
and days in milk that can influence the performance of dairy cows
when a low CP diet based on legume silages is fed.

In addition to providing an adequate supply of MP, the amino
acid (AA) content of the protein reaching the small intestine is cru-
cial for high-yielding dairy cows (Lean et al., 2018). Supplementing
low-CP diets with rumen-protected lysine, rumen-protected
methionine (RPM), or both, has been evaluated in several studies
(Giallongo et al., 2016; Lee et al., 2015; Van den Bossche et al.,
2023) to enhance performance and NUE in dairy cows. However,
responses have not always been consistent, as reported in the
meta-analyses of Patton (2010), Zanton et al. (2014), and Wei
et al. (2022). Despite this, Lee et al. (2012) and Giallongo et al.
(2016) reported that feeding MP-deficient diets decreased feed
intake, milk yield and milk composition in lactating cows, and sug-
gested that a combination of RP-AA has the potential to improve
milk performance under such dietary conditions.
2

The hypothesis of the current study was that reducing the diet-
ary protein concentration in legume silage-based diets for lactating
dairy cows would reduce milk production but improve NUE, and
that supplementing with RP-AA would restore performance. The
objective of the study was to undertake a systematic review and
meta-analysis of research studies that have investigated the effect
of low−protein diets based on legume silages on the performance
and metabolism of early and mid-lactation cows.
Material and methods

Literature search strategy

The systematic review and meta-analysis followed the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines (Moher et al., 2009). A comprehensive
literature search was carried out using the following electronic
databases: Science Direct (https://www.sciencedirect.com/), Web
of Science (https://apps.webofknowledge.com/) and PubMed
(https://pubmed.ncbi.nlm.nih.gov/). The studies were retrieved
from 1980 to 2021, and the search terms included were ‘‘dairy
cow”, ‘‘protein”, ‘‘milk”, ‘‘performance”, ‘‘legume silage”, ‘‘nitro-
gen”, and ‘‘efficiency”.

Study selection and inclusion criteria

A total of 580 publications were identified through the database
search and were initially checked for duplicates. Around 205 dupli-
cate studies were removed, and the titles and abstracts of the
remaining records were screened. The following inclusion criteria
were incorporated for screening the full-text articles: (1) the study
or experiments within the study were conducted in early or mid-
lactation dairy cows (after calving to 220 days postpartum), and
articles were reported in English; (2) the dairy cows in the control
and treatment groups were housed in the same environment; (3)
the diets were fed ad libitum as a total or partial mixed ration,
and the forage component included legume silage or was partially
replaced with grass or maize silage; (4) the CP content of the con-
trol (high protein) and treatment (low protein) diets varied from
156 to 220 and 110 to 155 g/kg DM, respectively; (5) the low pro-
tein or MP-deficient diets were supplemented with or without
bypass protein or essential AA. The eligible studies consisted of
36 peer-reviewed journal articles, including 2 published articles
from the author’s own studies (Chowdhury et al., 2023, 2024).
However, there was a lack of low protein studies specifically exam-
ining peas and beans silages, and only a few studies reported or
predicted RDP, RUP, or MP. A flow diagram of all of the records
screened and included in the meta-analysis is shown in Fig. 1.
Additionally, a summary of the studies included in the systematic
review and the meta-analysis is presented in Supplementary
Table S1.

Data extraction and calculation

A systematic map was constructed using a Microsoft Excel
spreadsheet to extract the data from the selected studies. The fol-
lowing variable data from the control and low protein treatments
were extracted for effect size estimation: feed intake, milk perfor-
mance, feed efficiency, BW, body condition score, nutrient intake
and apparent digestibility, urine and plasma metabolites, N output
and efficiency and rumen fermentation kinetics. Most of the stud-
ies reported a pooled SD or SE for the variables in the control and
low protein treatments. In the meta-analysis, only the SD was used
as the measure of variance, and if SE was reported, then, the SD
was calculated by multiplying the SE by the square root of the
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Fig. 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram of all of the records screened and included in the meta-analysis that
investigated the response of dairy cows to dietary protein levels in diets based on forage legumes.
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sample size (Salami et al., 2020). The main influencing factors (co-
variates) that may have affected the performance response and
were included in the analysis were parity (multiparous or mixed),
days in milk, experimental design (continuous vs Latin square) and
duration, forage to concentrate ratio, silage type (lucerne or red
clover silage) and legume silage inclusion rate, AA supplementa-
tion in low protein diets (RPM, rumen-protected lysine or both,
and no AA), and level of CP in the treatment group.

Statistical analysis

A comprehensive meta-analysis software (version 3, Biostat
Inc., Englewood, USA) was used to perform the meta-analysis and
generate forest plots. The effects of low−protein diets on perfor-
mance variables were examined using random-effect models,
assuming heterogeneity existed among the study results
(Borenstein et al., 2009). The effect size of low-protein diets for
each or overall study was expressed as the raw mean difference
(RMD) at a 95% confidence interval level. The RMD was calculated
as the mean differences between each study’s treatment and con-
trol groups (Torres et al., 2020). The treatment means of the
random-effect model were weighted by the individual variances
as per the method described by DerSimonian and Laird (1986).
The significance of RMD was declared when P < 0.05.

Variations of the treatment effect across the studies were
estimated using the v2 and I2 tests to define the percentage of vari-
ation due to heterogeneity (Lean et al., 2018). Types of heterogene-
ity were defined as low, I2 < 25%; moderate, I2 = 25–50%; and high,
I2 > 50%; negative I2 value was denoted as zero (Higgins et al.,
3

2003). Publication bias was checked statistically with the funnel
plot asymmetry by using Begg’s (Begg and Mazumdar, 1994) and
Egger’s (Egger et al., 1997) regression tests. The significance of pub-
lication bias was declared at P < 0.05. A meta-regression analysis
was performed with predefined covariates (both continuous and
categorical) to explore the heterogeneity among the response vari-
ables. Those response variables with a lack of publication bias and
high heterogeneity (I2 > 50%) or heterogeneity test at P < 0.05 were
included in the meta-regression analysis. The adjusted R2 value
was calculated for all covariates, representing the proportion of
study variance.

Based on significant (P < 0.05) results in the meta-regression,
along with categorical covariates (parity, legume silage type, RP-
AA supplementation in the low protein diets), the other covariates
were divided into different groups or subgroups (days in milk <100
or ≥ 100), experimental duration (≤ 50 or > 50 days), legume silage
inclusion rate of the forage DM (10–20, 21–40 or 41–60%), and the
CP content (<140 or ≥ 140 g CP/kg DM) in the low CP (treatment)
group) for each response variable. The subgroup meta-analyses
were conducted using a similar random-effect model at a 95% con-
fidence interval level. A mixed model was also applied within the
subgroup analysis to examine differences between groups for the
effect size of each categorical covariate of respective response
variables. A Bonferroni multivariate posthoc comparison test was
performed for covariate ‘‘AA supplementation” to determine the
effect size that differed significantly from each other. Descriptive
statistics for the chemical composition of the low and high
(control) protein diets among the studies were conducted using
GenStat (VSNI, 19th Edition, UK). The differences in chemical
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composition between the diets were also evaluated using an
unpaired parametric t-test in GenStat.

Results

Study characteristics and diet composition

A total of 36 studies with 102 treatment means were included
in the meta-analysis. The studies were conducted from 1980 in
eight different countries (27 from the United States, four from
the United Kingdom, two from Iran, and one each from Canada,
Italy, Israel, Pakistan and China). Holstein-Friesian dairy cows,
either multiparous or mixed, were used in the studies, which were
either crossover or continuous in design, with all the studies feed-
ing the diets as a total mixed ration (Supplementary Table S1). The
mean forage-to-concentrate ratio across all studies was 53:47 on a
DM basis. The diets were based on either lucerne hay/silage (92%)
or red clover silage (8%), with an average inclusion rate of legume
silage of 40% of forage DM. The mean CP content of the control
diets was 26 g/kg DM higher (P < 0.05) than the low CP diets
(Table 1). The mean RDP, RUP and MP content of the control diets
was also 12.2, 11.9 and 14.5 g/kg DM higher than the low protein
diets, respectively. There were no other differences in chemical
composition between the diets except for starch, which was
34 g/kg DM higher in the low CP compared with the control diets.

Feed intake and performance

The mean DM intake of cows fed the control diets was 24.1 kg/
d, which was 0.62 kg/d higher (P < 0.01) than in animals fed the
low CP diets (Table 2, Supplementary Fig. S1). Similarly, feeding
low CP diets decreased (P < 0.05) the daily milk yield, energy-
corrected milk and fat-corrected milk yield (adjusted to 40 or
35 g fat/kg) by 1.41, 1.29, 0.73, or 1.31 kg/d, respectively. Neither
milk fat nor lactose content was affected by dietary CP content.
In contrast, milk protein, milk urea and milk urea N (MUN) concen-
trations were 0.22 g/kg, 6.39 mg/dL and 3.47 mg/dL lower
(P < 0.01) in cows fed the low CP compared with the control diets.
Feed efficiency tended (P = 0.06) to be lower when expressed as
milk yield per kg DM intake, and the efficiency, when calculated
using the 3.5% fat-corrected milk yield, was lower (RMD = −0.05;
P < 0.01) in cows fed the low protein compared with the control
diets. The lowest mean body condition score (RMD = −0.03;
P = 0.01) was recorded in cows fed the low CP compared with
Table 1
Descriptive statistics of the chemical composition of high (control) and low protein diets fo
dietary protein levels in diets based on forage legumes.

Item Mean Median Maxi

Control Low CP Control Low CP Contr

DM, g/kg 542 540 532 529 679
OM, g/kg DM 930 933 928 931 951
*CP, g/kg DM 171 145 170 149 220
NDF, g/kg DM 316 316 315 316 393
ADF, g/kg DM 199 197 197 195 281
EE, g/kg DM 38.8 42.2 35.3 37.7 74.0
*Starch, g/kg DM 226 260 230 273 315
Ca, g/kg DM 8.92 9.01 9.00 9.55 11.7
P, g/kg DM 4.24 4.11 4.00 3.98 5.20
NEL, g/kg DM 6.64 6.60 6.61 6.61 7.82
*RDP, g/kg DM 105 92.8 102 95.1 127
*RUP, g/kg DM 62.6 50.7 62.3 49.0 77.0
*MP, g/kg DM 110 95.5 114 93.5 120

Abbreviations: OM = organic matter; EE = ether extract; NEL = Net energy for lactati
metabolisable protein; N = the number of comparisons between high (control) and low

* Means between control (high CP) and low CP diet statistically differ at P < 0.05.

4

the control diets. However, there was no effect (P > 0.05) of feeding
low CP diets on BW or condition score change across the studies.

Nutrient intake and apparent total tract digestibility

The mean intake of DM, organic matter, CP, NDF and ADF were
0.65, 0.59, 0.74, 0.27 and 0.19 kg/d lower, respectively (P < 0.05), in
cows fed low CP compared with the control diets (Table 3, Supple-
mentary Fig. S2). Similarly, apparent total tract digestibility of DM,
organic matter, CP, NDF and ADF were 12.5, 13.1, 43.9, 19.1 and
27.0 g/kg lower, respectively (P < 0.01), in cows receiving low CP
diets than those fed the control, which had means of 684, 704,
661, 492 and 449 g/kg, respectively.

Urine and plasma metabolites

No difference in urine metabolite concentration (allantoin, uric
acid and total purine derivatives) was observed between cows
receiving the control or low CP diets (Table 4, Supplementary
Fig. S3). Compared with low CP diets, daily total urine output
was 3.04 L higher (P < 0.01) in cows fed the control. Plasma
metabolites, including glucose, b-hydroxybutyrate, total glycerides
and creatinine levels, did not differ (P > 0.05) between cows fed the
control or low CP diets. In contrast, reducing the dietary CP content
increased (P = 0.01) the plasma concentration of non-esterified
fatty acids, which was 0.03 mmol/L higher than those receiving
the control diet. The mean concentration of plasma urea-N (PUN)
was 1.85 mmol/L lower (P < 0.01) in cows fed the low CP compared
with the control diets.

Nitrogen intake, use efficiency and fermentation kinetics

Dietary N intake was reduced (P < 0.01) by 107 g/d when cows
received legume-based low CP diets than those fed the control
(Table 5, Supplementary Fig. S4). Likewise, daily N excretion in
milk, urine or faeces was 4.26, 13.6 and 69.3 g, respectively, lower
(P < 0.01) in cows fed low CP than the control diets. In contrast, the
apparent NUE was approximately 36.9 g/kg higher (P < 0.01) in
cows fed low CP diets than in the control. Similarly, feeding a
low CP diet increased the partitioning of dietary N into faecal N
(RMD = 46.7 g/kg; P < 0.01) but reduced (P < 0.01) urine N by
70 g/kg of total N intake compared with those receiving the control
diet. There was no difference (P > 0.05) between cows fed the con-
trol or low CP diets in rumen pH or molar proportion of rumen
r studies included in the meta-analysis that investigated the response of dairy cows to

mum Minimum SE N

ol Low CP Control Low CP Control Low CP

685 379 379 9.116 9.381 61
958 906 906 1.472 1.674 67
155 156 110 1.160 0.937 102
415 224 219 4.178 4.440 100
281 115 109 4.014 4.123 93
76.7 18.6 16.6 1.742 2.025 69
362 104 154 7.142 7.610 55
13.3 5.87 5.13 0.224 0.244 44
5.30 3.70 3.40 0.076 0.080 44
7.82 4.46 4.58 0.053 0.054 80
109 86.6 70.9 1.440 1.556 42
75.6 50.6 35.0 0.986 1.110 44
109 94.8 86.8 2.261 1.651 16

on; RDP = rumen degradable protein; RUP = rumen undegradable protein; MP =
CP (treatment) diets.
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Table 2
Summary effect size estimates for intake, milk performance, BW, and condition of dairy cows fed high (control) or low CP diets based on forage legumes in a random-effect meta-
analysis.

Item Control Effect (Random effect) size and
95% CI

Heterogeneity test Funnel test
(P−value)

N

Mean SE RMD SE Lower limit Upper limit P−value Q value P−value I2 (%) Begg’s test Egger’s test

DM intake, kg/d 24.1 0.23 −0.62 0.09 −0.80 −0.45 <0.01 176 <0.01 46.5 0.82 0.91 95
Milk yield, kg/d
Milk 37.3 0.57 −1.41 0.15 −1.71 −1.11 <0.01 207 <0.01 51.7 0.76 0.89 101
ECM 37.4 0.52 −1.29 0.24 −1.75 −0.82 <0.01 57.9 0.16 17.1 0.84 0.48 49
4% FCM 36.3 1.24 −0.73 0.27 −1.26 −0.19 0.01 17.3 0.57 0.00 0.80 0.80 20
3.5% FCM 38.0 0.74 −1.31 0.19 −1.68 −0.93 <0.01 42.8 0.27 11.2 0.78 0.51 39

Composition, g/kg
Fat 36.3 0.39 −0.12 0.14 −0.39 0.16 0.40 93.5 0.41 2.63 0.74 0.13 92
Protein 31.4 0.21 −0.22 0.05 −0.32 −0.12 <0.01 112 <0.01 78.1 0.75 0.91 98
Lactose 48.1 0.18 −0.02 0.03 −0.09 0.05 0.56 79.6 0.62 0.00 0.45 0.39 85
Urea, mg/dL 23.9 1.41 −6.39 0.58 −7.51 −5.26 <0.01 17.4 0.07 42.6 0.44 0.72 11
MUN, mg/dL 12.7 0.27 −3.47 0.18 −3.83 −3.11 <0.01 756 <0.01 89.6 0.38 0.11 80

Feed efficiency, %
Milk yield/DMI 1.58 0.02 −0.01 0.01 −0.03 0.00 0.06 57.6 0.31 8.05 0.88 0.55 54
ECM/DMI 1.55 0.02 −0.02 0.01 −0.04 0.00 0.09 61.6 0.01 41.6 0.09 0.15 37
4% FCM/DMI 1.62 0.09 −0.03 0.03 −0.08 0.03 0.34 12.2 0.20 26.0 0.72 0.16 10
3.5% FCM/DMI 1.59 0.03 −0.05 0.01 −0.07 −0.02 <0.01 14.7 0.80 0.00 0.51 0.79 21

Body performance
BW, kg 652 6.70 −1.55 1.31 −4.11 1.01 0.24 44.2 0.70 0.00 0.13 0.11 51
BWC, kg/d 0.09 0.08 −0.02 0.02 −0.06 0.01 0.22 83.2 0.09 19.5 0.75 0.40 68
BCS 2.87 0.04 −0.03 0.01 −0.06 −0.01 0.01 23.5 0.91 0.00 0.30 0.20 35
BCS change 0.03 0.01 0.00 0.00 −0.01 0.00 0.28 32.8 0.14 23.7 0.95 0.17 26

Abbreviations: ECM = energy-corrected milk yield; FCM = fat-corrected milk yield; MUN = milk urea N; DMI = DM intake; BWC = BW change; BCS = body condition score (1–5
scale).
Cl = confidence interval; RMD = the raw mean differences between high (control) and low CP diets at 95% confidence interval; Q = v2 statistic of heterogeneity; I2

= percentage of the total variation of effect size estimates; N = the number of comparisons between high (control) and low CP (treatment) diets.
Publication bias was examined using Begg’s and Egger’s regression (Funnel) test.

Table 3
Summary effect size estimates for intake performance (intake data was included just from the digestibility studies) and apparent total tract nutrient digestibility of dairy cows fed
high (control) or low CP diets based on forage legumes in a random-effect meta-analysis.

Item Control Effect (Random effect) size and 95% CI Heterogeneity test Funnel test
(P−value)

N

Mean SE RMD SE Lower limit Upper limit P−value Q value P−value I2 (%) Begg’s test Egger’s test

Intake, kg/d
DM 24.2 0.25 −0.65 0.09 −0.83 −0.48 <0.01 139 <0.01 35.9 0.82 0.07 39
OM 22.4 0.36 −0.59 0.18 −0.95 −0.23 0.01 38.0 0.12 23.8 0.16 0.73 30
CP 3.99 0.06 −0.74 0.04 −0.82 −0.67 <0.01 240 <0.01 84.2 0.36 0.31 39
NDF 7.36 0.28 −0.27 0.07 −0.41 −0.14 <0.01 56.8 0.01 43.7 0.37 0.19 33
ADF 4.82 0.20 −0.19 0.03 −0.26 −0.13 <0.01 42.4 0.18 17.5 1.00 0.06 36

Digestibility, g/kg
DM 684 7.0 −12.5 2.86 −18.1 −6.91 <0.01 215 <0.01 78.1 0.76 0.70 48
OM 704 8.1 −13.1 2.51 −18.0 −8.19 <0.01 89.2 <0.01 58.5 0.96 0.77 38
CP 661 7.4 −43.9 3.56 −50.9 −37.0 <0.01 105 <0.01 58.1 0.95 0.90 45
NDF 492 15.5 −19.1 4.46 −27.8 −10.3 <0.01 138 <0.01 68.7 0.75 0.60 44
ADF 449 18.1 −27.0 5.35 −37.5 −16.5 <0.01 149 <0.01 75.1 0.68 0.51 38

Abbreviations: OM = organic matter.
Cl = confidence interval; RMD = the raw mean differences between high (control) and low CP diets at 95% confidence interval; Q = v2 statistic of heterogeneity; I2

= percentage of the total variation of effect size estimates; N = the number of comparisons between high (control) and low CP (treatment) diets.
Publication bias was examined using Begg’s and Egger’s regression (Funnel) test.
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acetate or propionate; however, butyrate was reduced (P < 0.01) by
0.45 mol per 100 mol of volatile fatty acids when a low CP diet was
fed (Table 5, Supplementary Fig. S5).

Heterogeneity, publication bias and meta-regression

A high heterogeneity was observed (I2 > 50%; P < 0.05) for DM
intake, milk yield, milk protein, MUN, PUN, CP and NDF intake,
nutrients digestibility, urinary N excretion, NUE, faecal and urine
N/ total N intake and rumen NH3-N level. However, there was no
substantial evidence in Begg’s and Egger’s tests to indicate publica-
tion bias across the studies for each response variable (Tables 2–5).
The response variables which showed significant heterogeneity
5

were subjected to meta-regression analysis using preselected
covariates to identify the key sources of variation (Table 6). Among
the covariates, the level of CP in the diet, the type of legume silage
and its inclusion rate, days in milk and AA supplementation were
the major factors that influenced the response variables. Other
covariates such as parity and experimental duration also showed
a significant correlation (P < 0.05) with DM intake, milk yield, milk
protein, PUN and urinary N excretion.

Subgroup analysis

Subgroup analysis indicated that DM and CP intake, DM
digestibility, milk yield, MUN, urinary N excretion, and rumen
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Table 4
Summary effect size estimates for urine and blood metabolites of dairy cows fed high (control) or low CP diets based on forage legumes in a random-effect meta-analysis.

Item Control Effect (Random effect) size and 95% CI Heterogeneity test Funnel test (P−value) N

Mean SE RMD SE Lower limit Upper limit P−value Q value P−value I2 (%) Begg’s test Egger’s test

Urine metabolites
Allantoin, mmol/L 24.1 1.67 1.37 2.08 −2.70 5.44 0.51 0.73 1.00 0.00 1.00 0.27 18
Uric acid, mmol/L 2.37 0.23 0.21 0.26 −0.29 0.72 0.41 0.64 1.00 0.00 0.47 0.64 18
Total PD, mmol/L 26.6 1.82 1.72 2.26 −2.72 6.15 0.45 0.59 1.00 0.00 0.91 0.20 18
Urine output, L/d 25.0 1.23 −3.04 0.28 −3.59 −2.49 <0.01 41.1 0.22 14.8 0.20 0.06 36

Plasma metabolites
Glucose, mmol/L 3.56 0.06 −0.01 0.02 −0.06 0.03 0.51 38.3 0.14 21.7 0.99 0.82 31
BHB, mmol/L 0.55 0.07 0.02 0.01 −0.01 0.05 0.13 6.39 0.85 0.00 1.00 0.65 12
NEFA, mmol/L 0.25 0.03 0.03 0.01 0.01 0.06 0.01 2.67 0.85 0.00 1.00 0.94 7
TG, mmol/L 0.15 0.02 0.01 0.01 0.00 0.02 0.14 5.02 0.89 0.00 0.31 0.16 11
Creatinine, mg/dL 1.40 0.15 −0.03 0.02 −0.08 0.01 0.15 3.89 0.57 0.00 1.00 0.88 6
PUN, mmol/L 5.64 0.23 −1.85 0.13 −2.11 −1.59 <0.01 493 <0.01 89.2 1.01 0.05 54

Abbreviations: PD = purine derivatives; BHB = b-hydroxybutyric acid; NEFAs = non-esterified fatty acids; TG = total glycerides; PUN = plasma urea N.
Cl = confidence interval; RMD = the raw mean differences between high (control) and low CP diets at 95% confidence interval; Q = v2 statistic of heterogeneity; I2

= percentage of the total variation of effect size estimates; N = the number of comparisons between high (control) and low CP (treatment) diets.
Publication bias was examined using Begg’s and Egger’s regression (Funnel) test.

Table 5
Summary effect size estimates for nitrogen intake, output, efficiency, and rumen fermentation kinetics of dairy cows fed high (control) or low CP diets based on forage legumes in
a random-effect meta-analysis.

Item Control Effect (Random effect) size and 95% CI Heterogeneity test Funnel test
(P−value)

N

Mean SE RMD SE Lower limit Upper limit P−value Q value P−value I2 (%) Begg’s test Egger’s test

N intake, g/d 668 6.02 −107 7.43 −121 −92.3 <0.01 291 <0.01 82.5 0.48 0.65 52
N output, g/d
Milk 187 2.47 −4.26 1.29 −6.78 −1.74 <0.01 52.3 0.24 11.99 0.14 0.84 47
Faecal 226 5.72 −13.6 2.48 −18.5 −8.75 <0.01 67.1 0.05 25.4 0.99 0.97 51
Urine 218 6.33 −69.3 4.24 −77.6 −61.0 <0.01 435 <0.01 86.9 0.23 0.23 58

N efficiency, g/kg
Faecal 355 7.9 46.7 4.71 37.5 56.0 <0.01 169 <0.01 75.7 0.61 0.58 42
Urine 316 9.7 −70.0 4.65 −79.1 −60.8 <0.01 96.9 <0.01 64.9 0.17 0.14 35
NUE 284 3.0 36.9 1.87 33.3 40.6 <0.01 147 <0.01 50.5 0.14 0.10 74

Rumen fermentation
Rumen pH 6.25 0.04 0.02 0.02 −0.05 0.05 0.10 28.4 0.65 0.00 0.62 0.79 33
NH3-N, mg/dL 10.5 0.74 −3.38 0.32 −4.01 −2.75 <0.01 69.5 <0.01 61.2 0.51 0.24 28
Acetate, mol/100 mol 58.8 0.75 −0.15 0.41 −0.95 0.64 0.71 33.5 0.22 16.3 0.32 0.22 29
Propionate, mol/100 mol 23.1 0.67 −0.32 0.37 −1.04 0.39 0.38 32.9 0.17 21.0 0.82 0.96 27
Butyrate, mol/100 mol 12.0 0.28 −0.45 0.12 −0.69 −0.21 <0.01 23.3 0.72 0.00 0.56 0.96 29

Abbreviations: Faecal N efficiency = faecal N/total N intake; Urine N efficiency = urine N/total N intake; NUE = apparent N use efficiency of milk production (milk N/N intake);
NH3-N = rumen ammonia-N.
Cl = confidence interval; RMD = the raw mean differences between high (control) and low CP diets at 95% confidence interval; Q = v2 statistic of heterogeneity; I2

= percentage of the total variation of effect size estimates; N = the number of comparisons between high (control) and low CP (treatment) diets.
Publication bias was examined using Begg’s and Egger’s regression (Funnel) test.
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NH3-N concentration were reduced (P < 0.05) in cows
receiving < 140 g CP/kg DM compared with those fed ≥ 140 g CP/
kg DM (Table 7). In contrast, there was a tendency for the dietary
partitioning of N into faeces to be increased (RMD = 57.7 vs 40.6;
P = 0.06) when cows received CP < 140 g/kg DM compared with
those receiving ≥ 140 g CP/kg DM. A tendency for a decrease in
PUN (RMD = −2.20 vs −1.71; P = 0.08) was also observed when
cows received CP < 140 g/kg DM.

Compared with the control, the DM intake was reduced
(P < 0.05) in cows when fed either lucerne or red clover silage-
based low CP diets (Table 8). The NDF intake, DM, organic matter,
NDF and ADF digestibility, daily urinary N excretion, and the uri-
nary N/total N intake were reduced (P < 0.05) in cows fed low CP
diets based on either red clover or lucerne silage compared with
control diets; however, the RMD was substantially lower when
cows received low protein diets based on red clover silage than
lucerne. In contrast, milk yield was reduced (RMD = −1.54 kg/d;
P < 0.01) in cows fed lucerne silage-based low CP diets compared
6

with control, with daily milk yield being 1.46 kg lower (P = 0.01)
than those receiving red clover silage-based rations. Likewise, the
faecal N/total N intake was increased (P < 0.01) in cows fed low
CP diets based on either lucerne or red clover silage compared with
the control, with the RMD being lower (RMD = 42.6 vs 78.3;
P = 0.01) in cows fed lucerne than red-clover−based low CP diets.

Dry matter intake was reduced (P < 0.01) in cows when legume
silage inclusion in the low CP diets increased from 21 to 60% of the
forage DM (Fig. 2a). Similarly, the milk protein concentration was
reduced (P < 0.01) when legume silage inclusion rates were
increased to 41–60% of the forage DM (Fig. 2b). In contrast, the uri-
nary N excretion was decreased (P < 0.01) in cows fed up to 60%
inclusion of legume silage−based low CP diets (Fig. 2c). Addition-
ally, the DM intake was 0.71 kg/d lower (P = 0.04) in cows receiving
legume silage-based low CP diets without supplementation of AA
than those with added RPM (Fig. 3a). Similarly, there was a ten-
dency (P = 0.08) for milk protein content to be increased when a
legume-based low CP diet was offered with RPM (Fig. 3b). The con-
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Table 6
Covariates effect on intake (kg/d), nutrient digestibility (g/kg), milk yield (kg/d), milk protein (g/kg), milk urea N (mg/dL), plasma urea N (mmol/L), urine N (g/d), apparent milk N
use efficiency (g/kg), urine and faecal N/total N intake (g/kg) and rumen ammonia-N (mg/dL), of dairy cows fed high (control) or low CP diets based on forage legumes in a
random-effect meta-regression analysis.

Variables 1Covariates, meta-regression coefficient and associated P−value Adj.
R2

N

Intercept Forage type Legume
inclusion

AA (%) Parity DIM EXPD CP level

Coef. P
−value

Coef. P
−value

Coef. P
−value

Coef. P
−value

Coef. P
−value

Coef. P
−value

Coef. P
−value

Coef. P
−value

DM
intake

−8.98 <0.01 −0.59 0.05 −0.01 0.08 0.31 0.02 1.24 0.02 0.00 <0.01 0.00 0.16 0.06 <0.01 0.97 95

CP intake −4.23 <0.01 −0.04 0.83 0.00 0.80 0.21 0.06 0.10 0.54 0.00 0.56 0.00 0.43 0.02 <0.01 0.00 39
NDFI 0.84 0.55 −0.72 0.01 0.00 0.60 0.07 0.72 −0.27 0.25 −0.01 0.07 0.00 0.32 0.00 0.89 0.48 33
DMD −78.2 0.12 −51.7 0.01 −0.01 0.97 10.2 0.08 −2.44 0.78 −0.25 0.19 −0.01 0.95 0.64 0.05 0.39 48
OMD −30.6 0.47 −61.7 <0.01 0.22 0.38 77.7 0.11 5.78 0.44 −0.36 0.02 0.09 0.58 0.29 0.25 0.63 38
CPD −204 0.01 −45.9 0.08 −0.21 0.57 2.80 0.72 6.70 0.57 0.16 0.52 −0.08 0.74 1.05 0.04 0.31 45
NDFD −78.6 0.30 −91.0 0.00 0.46 0.31 8.13 0.37 23.4 0.09 −0.35 0.20 0.31 0.29 0.40 0.41 0.38 44
ADFD −45.1 0.69 −88.3 0.01 0.74 0.20 −1.00 0.93 23.3 0.24 −0.31 0.36 0.23 0.57 0.07 0.93 0.10 38
Milk

yield
−15.4 0<.00 1.57 0.00 0.02 0.13 −0.22 0.45 3.73 <0.01 0.01 <0.01 −0.01 0.05 0.09 <0.01 0.65 101

MP −2.24 0.01 0.28 0.20 −0.01 <0.01 −0.42 <0.01 −1.24 0.14 0.00 0.59 −0.00 0.26 0.02 <0.01 1.00 98
MUN −15.5 <0.01 1.07 0.08 −0.02 0.15 −1.41 <0.01 0.73 0.06 0.01 0.04 0.00 0.87 0.09 <0.01 0.45 80
PUN −9.91 <0.01 0.47 0.25 0.00 0.82 −0.90 <0.01 0.94 <0.01 0.01 0.03 0.01 0.01 0.05 <0.01 0.49 54
Urine N −353 <0.01 −62.0 0.00 −0.63 0.03 −20.6 0.00 14.0 0.11 0.31 0.01 0.27 0.01 1.91 <0.01 0.63 58
FNE 273 <0.01 64.3 0.00 −0.03 0.39 0.97 0.37 −2.94 0.06 0.00 1.00 −0.03 0.13 −0.14 0.00 0.50 42
UNE −101 0.25 −87.7 0.00 −0.36 0.32 −13.6 0.23 −11.1 0.50 −0.12 0.62 0.29 0.12 0.47 0.38 0.64 35
NUE 76.5 0.08 12.4 0.07 0.15 0.32 6.67 0.11 4.21 0.38 −0.08 0.15 −0.01 0.83 −0.30 0.28 0.44 74
NH3-N −8.54 0.03 − − −0.01 0.67 −1.30 0.13 0.28 0.14 −0.02 0.06 0.01 0.73 0.06 0.03 0.33 28

Abbreviations: NDFI = NDF intake; DMD = DM digestibility; OMD = organic matter digestibility; CPD = CP digestibility; NDFD = NDF digestibility; ADFD = ADF digestibility; MP
= milk protein; MUN = milk urea N; PUN = plasma urea N; NUE = apparent milk N use efficiency (milk N/N intake); FNE = faecal N/total N intake; UNE = urine N/total N intake;
NH3-N = Rumen ammonia N.

1 Coef. = coefficient; AA = amino acid; DIM = days in milk of cows; EXPD = duration of the experiment (days); Adj. = adjusted; N = number of comparisons between high
(control) and low CP (treatment) diets; Adjusted R2 value presented for all covariates.

Table 7
Covariate (CP level: ≥140 or < 140 g CP/kg DM) effect size estimates for DM and CP intake and digestibility, milk yield, milk protein, milk and plasma urea N, urinary N excretion,
faecal N/total N intake, and rumen ammonia-N of dairy cows fed high (control) or low CP diets based on forage legumes in a subgroup random-effect meta-analysis.

Variables Sub-group Effect (Random effect) size and 95% CI Heterogeneity test P−value1 N

RMD SE Lower
limit

Upper
limit

P−
Value

Q value P−
value

I2

(%)

DM intake, kg/d DM <140 −1.01 0.20 −1.39 −0.62 <0.01 31.8 0.02 46.5 0.03 18
≥140 −0.53 0.10 −0.73 −0.34 <0.01 133 <0.01 42.9 77

CP intake, kg/d DM <140 −0.92 0.06 −1.04 −0.79 <0.01 88.5 <0.01 86.4 <0.01 13
≥140 −0.67 0.04 −0.75 −0.59 <0.01 109 <0.01 77.1 26

DM digestibility, g/kg <140 −21.5 5.16 −31.6 −11.4 <0.01 51.6 <0.01 72.9 0.04 15
≥140 −8.41 3.48 −15.2 −1.59 0.02 159 <0.01 79.9 33

CP digestibility, g/kg <140 −46.5 6.68 −59.6 –33.4 <0.01 12.1 0.35 9.42 0.65 12
≥140 −43.0 4.03 −50.9 −35.1 <0.01 83.2 <0.01 61.5 33

Milk yield, kg/d <140 −2.45 0.38 −3.19 −1.71 <0.01 30.2 0.05 37.1 <0.01 20
≥140 −1.22 0.16 −1.54 −0.91 <0.01 159 <0.01 49.8 81

Milk protein, g/kg <140 −0.39 0.13 −0.64 −0.13 <0.01 37.9 0.01 49.8 0.17 20
≥140 −0.19 0.05 −0.30 −0.09 <0.01 72.5 0.63 0.00 78

MUN, mg/dL <140 −4.27 0.37 −5.00 −3.53 <0.01 242 <0.01 93.0 0.02 18
≥140 −3.23 0.20 −3.63 −2.83 <0.01 470 <0.01 87.0 62

PUN, mmol/L <140 −2.20 0.23 −2.66 −1.74 <0.01 156 <0.01 91.0 0.08 15
≥140 −1.71 0.15 −2.00 −1.41 <0.01 281 <0.01 86.5 39

Urine N, g/d <140 −83.1 7.97 −98.7 −67.5 <0.01 108 <0.01 87.0 0.04 15
≥140 −64.1 4.83 −73.6 −54.7 <0.01 293 <0.01 85.6 43

FNE, g/kg <140 57.7 7.24 43.5 71.9 <0.01 42.9 <0.01 67.3 0.06 15
≥140 40.6 5.41 30.0 51.2 <0.01 94.9 <0.01 72.6 27

NH3-N, mg/dL <140 −4.53 0.57 −5.64 −3.42 <0.01 15.8 0.01 68.3 0.02 6
≥140 −2.95 0.34 −3.61 −2.28 <0.01 38.3 0.01 45.1 22

Abbreviations: MUN = Milk urea N; PUN = plasma urea N; FNE = faecal N/total N intake; NH3-N = Rumen ammonia N.
Cl = confidence interval; RMD = the rawmean differences between high (control) and low CP diets at 95% confidence interval; Q = v2 statistic of heterogeneity; I2 = percentage
of the total variation of effect size estimates; N = the number of comparisons between high (control) and low CP (treatment) diets.

1 P−value of a mixed model between sub-groups (<140 vs ≥140).
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centration of MUN was decreased (P < 0.05) in cows fed low CP
diets either with or without added AA (Fig. 3c). Similarly, PUN con-
tent was reduced (P < 0.01) in cows fed legume-based low CP diets
with added RPM or without any additional AA (Fig. 3d). In addition,
7

the MUN content and urinary N excretion were 2.36 mg/dL and
33.5 g/d higher (P < 0.05) in cows fed legume silage-based low
CP diets with added rumen-protected lysine and RPM, respectively,
compared with those receiving no added AA (Fig. 3c and 3e).



Table 8
Covariate (predominant silage type: lucerne (LS) or red clover (RCS)) effect size estimates for DM and NDF intake, nutrients digestibility, milk yield, urinary N excretion, urine and
faecal N/total N intake of dairy cows fed high (control) or low CP diets based on lucerne or red clover silages in a subgroup random-effect meta-analysis.

Variables Sub-group Effect (Random effect) size and 95% CI Heterogeneity test P−value1 N

RMD SE Lower limit Upper limit P
value

Q value P
value

I2

(%)

DM intake, kg/d DM LS −0.59 0.09 −0.77 −0.41 <0.01 166 <0.01 48.3 0.13 87
RCS −1.12 0.34 −1.79 −0.45 0.01 3.51 0.83 0.00 8

NDF intake, kg/d DM LS −0.21 0.07 −0.35 −0.08 0.01 44.2 0.02 39.0 0.02 28
RCS −0.69 0.19 −1.07 −0.32 <0.01 2.30 0.68 0.00 5

DM digestibility, g/kg LS −10.5 2.97 −16.3 −4.70 <0.01 196 <0.01 78.6 0.04 43
RCS −30.1 8.77 −47.3 −12.9 <0.01 10.5 0.03 62.0 5

OM digestibility, g/kg LS −10.5 2.57 −15.6 −5.49 <0.01 71.6 <0.01 55.3 0.01 33
RCS −30.6 6.66 −43.6 −17.5 <0.01 9.20 0.06 56.5 5

NDF digestibility, g/kg LS −14.6 4.58 –23.6 −5.60 <0.01 121 <0.01 68.5 0.01 39
RCS −54.4 12.9 −79.6 −29.2 <0.01 7.03 0.13 43.1 5

ADF digestibility, g/kg LS −21.6 5.59 –32.6 −10.7 <0.01 132 <0.01 75.8 0.01 33
RCS −63.2 14.5 −91.5 −34.8 <0.01 8.36 0.08 52.1 5

Milk yield, kg/d LS −1.54 0.16 −1.85 −1.23 <0.01 189 <0.01 51.4 0.01 93
RCS −0.08 0.50 −1.06 0.90 0.87 6.60 0.47 0.00 8

Urine N, g/d LS −67.3 4.20 −75.5 −59.0 <0.01 407 <0.01 86.5 0.01 56
RCS −137 24.6 −185 −88.7 <0.01 4.00 0.05 75.0 5

FNE, g/kg LS 42.6 4.94 32.9 52.2 <0.01 157 <0.01 77.1 0.01 37
RCS 78.3 13.6 51.7 105 <0.01 5.16 0.27 22.5 5

UNE, g/kg LS −64.4 4.27 −72.8 −56.0 <0.01 74.9 <0.01 57.3 <0.01 33
RCS −162 17.4 −196 −128 <0.01 1.63 0.20 38.8 2

Abbreviations: OM = organic matter; FNE = faecal N/total N intake; UNE = urine N/total N intake;
Cl = confidence interval; RMD = the rawmean differences between high (control) and low CP diets at 95% confidence interval; Q = v2 statistic of heterogeneity; I2 = percentage
of the total variation of effect size estimates; N = the number of comparisons between high (control) and low CP (treatment) diets.

1 P−value of a mixed model between sub-groups.

Fig. 2. Covariate (legume silage inclusion rate on forage DM: ≤20%, 21–40% or 41–60%) effect size estimates for (a) DM intake (kg/d), (b) milk protein (g/kg) and (c) urinary N
excretion (g/d) of dairy cows fed high (control) or low CP diets based on forage legumes in a subgroup random-effect meta-analysis. P-values within parentheses are used to
compare with control values. RMD = raw mean differences between high (control) and low CP diets. P−value between groups (10–20, 21–40 or ≥60%) for DM intake, P = 0.71;
milk protein, P = 0.15; and urinary N, P = 0.89. The error bar indicates a 95% level confidence interval. Abbreviations: Cl = confidence interval.
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Fig. 3. Covariate (low CP diet without (No AA) or with added amino acids: Rumen-protected lysine (RPL), Rumen-protected methionine (RPM) or Rumen-protected
methionine-lysine (RPML)) effect size estimates for a) DM intake (kg/d), b) milk protein (g/kg), c) milk urea N (mg/dL), d) plasma urea N (mmol/L) and e) urinary N excretion
(g/d) of dairy cows fed high (control) or low CP diets based on forage legumes in a subgroup random-effect meta-analysis. P-values within parentheses are used to compare
with control values. RMD = raw mean differences between high (control) and low CP diets. P−value between groups (No AA, RPL, RPM, RPML) for DM intake, P = 0.04; milk
protein, P = 0.08; milk urea N, P < 0.01; plasma urea N, P = 0.26; and urinary N, P = 0.04. The error bar indicates a 95% level confidence interval. RMDwith different letters differ
significantly (P < 0.05). Abbreviations: Cl = confidence interval.
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Table 9
Covariate (days in milk (DIM): ≥100 or < 100 DIM)) effect size estimates for DM intake, OM digestibility, milk yield, milk and plasma urea N, and urinary N excretion of dairy cows
fed high (control) or low CP diets based on forage legumes in a subgroup random-effect meta-analysis.

Variables Sub-group Effect (Random effect) size and 95% CI Heterogeneity test P−value1 N

RMD SE Lower limit Upper limit P−
value

Q value P−value I2 (%)

DM intake, kg/d DM ≥100 DIM −0.61 0.12 −0.84 −0.38 <0.01 111 <0.01 52.2 0.85 54
<100 DIM −0.65 0.15 −0.93 −0.36 <0.01 61.5 0.02 34.9 41

OM digestibility, g/kg ≥100 DIM −18.5 3.50 −25.3 −11.6 <0.01 41.7 <0.01 56.9 0.03 19
<100 DIM −7.70 3.52 −14.6 −0.80 0.03 41.6 <0.01 56.7 19

Milk yield, kg/d ≥100 DIM −1.52 0.20 −1.92 −1.12 <0.01 127 <0.01 56.8 0.42 56
<100 DIM −1.26 0.24 −1.73 −0.79 <0.01 79.7 <0.01 44.8 45

MUN, mg/dL ≥100 DIM −3.27 0.25 −3.77 −2.78 <0.01 328 <0.01 87.8 0.26 41
<100 DIM −3.68 0.26 −4.20 −3.17 <0.01 412 <0.01 90.8 39

PUN, mmol/L ≥100 DIM −1.90 0.16 −2.21 −1.58 <0.01 322 <0.01 89.1 0.63 36
<100 DIM −1.76 0.23 −2.22 −1.31 <0.01 153 <0.01 88.9 18

Urine N, g/d ≥100 DIM −64.9 5.85 −76.4 −53.5 <0.01 320 <0.01 90.9 0.27 30
<100 DIM −74.3 6.30 −86.7 −62.0 <0.01 111 <0.01 75.7 28

Abbreviations: OM = organic matter; MUN = milk urea N; PUN = plasma urea N.
Cl = confidence interval; RMD = the rawmean differences between high (control) and low CP diets at 95% confidence interval; Q = v2 statistic of heterogeneity; I2 = percentage
of the total variation of effect size estimates; N = the number of comparisons between high (control) and low CP (treatment) diets.

1 P−value of a mixed model between sub-groups.
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The DM intake, organic matter digestibility, milk yield, MUN,
PUN, and daily urinary N excretion were reduced (P < 0.01) in cows
that were either < 100 or ≥ 100 days in milk when fed legume
silage-based low CP diets (Table 9). However, there was no differ-
ence between the two groups in the RMD of the response variables
except for organic matter digestibility, which was decreased (RMD
= −18.5 vs −7.70; P = 0.03) when cows were ≥ 100 days in milk and
fed legume-based low CP diets. The DM intake, milk yield and PUN
content were reduced (P < 0.01) in both multiparous and mixed
Fig. 4. Covariate (parity: multiparous cow or mixed cow (used primiparous and multipar
urea N (mmol/L) of dairy cows fed high (control) or low CP diets based on forage legumes
compare with control values. RMD = raw mean differences between high (control) and lo
milk yield, P = 0.13; and plasma urea N, P < 0.01. The error bar indicates a 95% level co
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cows when legume silage-based low CP diets were fed compared
with the control (Fig. 4a-c). In addition, the PUN level was
0.21 mg/dL lower (P < 0.01) in mixed parity than in multiparous
cows (Fig. 4c). Feeding low CP diets for a short (≤ 50 days) or long
period (>50 days) both resulted in a reduction (P < 0.01) in milk
yield, PUN content and urinary N excretion of dairy cows (Fig. 5-
a-c). The daily urinary N excretion was 32 g higher (P < 0.01) in
cows when legume-based low CP diets were fed over 50 days than
a short period (≤ 50 days; Fig. 5c).
ous)) effect size estimates for a) DM intake (kg/d), b) milk yield (kg/d), and c) plasma
in a subgroup random-effect meta-analysis. P-values within parentheses are used to
w CP diets. P−value between groups (multiparous vs mixed) for DM intake, P = 0.17;
nfidence interval. Abbreviations: Cl = confidence interval.
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Fig. 5. Covariate (experimental duration (days): ≤ 50 (short) or >50 (long) days) effect size estimates for a) milk yield (kg/d), b) plasma urea N (mmol/L), and c) urinary N
excretion (g/d) of dairy cows fed high (control) or low CP diets based on forage legumes in a subgroup random-effect meta-analysis. P-values within parentheses are used to
compare with control values. RMD = raw mean differences between high (control) and low CP diets. P−value between groups (≤50 days vs > 50 days) for milk yield, P = 0.16;
plasma urea N, P = 0.14; and urinary N, P < 0.01. The error bar indicates a 95% level confidence interval. Abbreviations: Cl = confidence interval.
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Discussion

The dietary CP content of the legume silage-based rations was
reduced in the treatment diet of all included studies by decreasing
the concentration of vegetable proteins, including soybean meal,
heat-treated/expeller soybean or rapeseed meal, which resulted
in differences in the RDP, RUP and MP content between control
and low protein diets. However, only 22.2% of studies (n = 8)
reported the predicted MP supply, with 11.1% of studies (n = 4) that
lowered the dietary CP content and simultaneously maintained the
MP supply at or around that of the control diets (e.g. Chowdhury
et al., 2023, 2024). Thus, our current meta-analysis is solely based
on CP level rather than RDP, RUP or MP due to the limited number
of studies that reported or predicted RDP, RUP and MP values.
Some studies (42%) supplemented RP-AA in MP-deficient diets to
offset the negative impact on the performance of dairy cows by
enhancing the postruminal supply of limiting essential AA. Differ-
ences between diets in starch content were due to the inclusion of
processed or ground maize, wheat or barley in low CP diets when
metabolisable energy was not limited (Ipharraguerre and Clark,
2005; Liu and VandeHaar, 2020; Recktenwald et al., 2014).

Feed intake

Dry matter intake was reduced in cows fed low CP, legume
silage-based diets, which could be attributed to an impaired rumen
function due to an insufficient supply of RDP (105 vs 92.8 g/kg DM,
Table 1), which may depress fibre digestion and rumen passage
rate, resulting in a lower feed intake (Allen, 2000). However, a
significant heterogeneity for DM intake was observed, and the
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variation was due to the influence of covariates. For example, DM
intake was lowest when cows received less than 140 g CP/kg
DM, indicating a positive relationship between the dietary concen-
tration of CP and DM intake, which supports the findings of Barros
et al. (2017), who reduced the concentration of dietary CP from 162
to 118 g/kg DM and reported that DM intake was reduced linearly
with decreasing dietary CP concentration. A meta-analysis by
Huhtanen and Hetta (2012) also reported a similar trend, but this
response is not always evident because of the inconsistent effect
of dietary CP levels on DM intake (Broderick et al., 2015; Liu and
VandeHaar, 2020; Olmos Colmenero and Broderick, 2006). Accord-
ing to Hristov and Giallongo (2014), the negative effect of low CP
diets on DM intake is due to a lower supply of MP in high-
yielding dairy cows, whilst Sinclair et al. (2014) reported that the
dietary CP level could be reduced to around 140 g/kg DM without
affecting DM intake if the diet meets the cows’ MP requirements.

Another factor that can decrease the DM intake of cows fed
diets deficient in MP is a reduction in the postruminal supply of
essential AA, as reported by Lee et al. (2012) and Giallongo et al.
(2016). In a subgroup analysis, the DM intake of cows was not neg-
atively affected by low CP diets supplemented with RP-AA and, in
some cases, was increased when supplemented with RPM, possibly
due to the balance of available AA within the microbial CP synthe-
sised in the rumen (Li et al., 2022). Our recent study (Chowdhury
et al., 2024) concluded that dietary strategies should aim to opti-
mise microbial CP synthesis to correct MP or essential AA supply
and to mitigate the anticipated reduction in DM intake by feeding
low CP (≤ 150 g/kg DM) diets. However, two other meta-analyses
by Patton (2010) and Zanton et al. (2014) reported an inconsistent
effect of RPM on the DM intake of milking cows, which may have
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occurred due to the deficiency of other rate-limiting essential AA
(Patton, 2010), excessive inclusion of RPM (Robinson et al., 2000),
the use of different synthetic sources of RPM with different bio-
availabilities (Zanton et al., 2014) or MP not being deficient as
predicted.

Broderick et al. (2001) reported that feed intake in dairy cows
was affected by forage type and that the daily DM intake of a
lucerne-based diet was 1.20 kg higher than a red clover silage-
based ration (Broderick, 2018). However, a reduced DM intake in
cows fed lucerne or red clover silage-based low CP diets was
observed in the current study, but the effect size between forages
did not alter. This finding is in agreement with the meta-analyses
by Johansen et al. (2017) and Steinshamn (2010), who reported a
similar DM intake when lucerne or red-clover silage-based diets
were fed to lactating dairy cows. Furthermore, the increase in
DM intake associated with the inclusion of legume silage is influ-
enced by the type of silage being replaced (Moorby et al., 2009;
Schulz et al., 2018; Sinclair et al., 2015). The DM intake did not
alter when legume silage substituted approximately 20% of non-
legume forages; however, increasing the proportion up to 60%
reduced intake, an effect in accordance with previous observations
by Sinclair et al. (2015) and Schulz et al. (2018), who investigated
the effects of different inclusion levels of legume silages in the diet
of dairy cows.

Milk performance

Reduced milk yield observed in dairy cows fed legume silage-
based low CP diets may be attributed to a decrease in DM intake.
The greatest reduction in milk yield was found when cows
received <140 g CP/kg DM diet, and according to Lee et al. (2012)
and Alstrup et al. (2014), reducing dietary CP concentration below
140 g/kg DM can negatively affect milk production. A very low CP
concentration in dairy cows’ diet can decrease the postruminal
supply of MP, leading to reduced milk and milk protein yield
(Giallongo et al., 2016; Hristov and Giallongo, 2014), suggesting a
strong correlation between intestinal MP supply and milk yield
(Daniel et al., 2016). However, there was a lack of studies that
reported predicted MP supply, and it is recommended that all
future studies report this rather than just CP.

Feeding legume-based diets can improve milk yield in dairy
cows compared with those receiving grass-silage−based rations
(Dewhurst et al., 2003; Steinshamn, 2010). A meta-analysis by
Johansen et al. (2017) reported that feeding legume-based diets
increased milk yield by 1.60 kg/d than grass silage-based rations.
Cows had a comparable milk production when lucerne or red clo-
ver silage-based rations were fed rather than white clover-based
diets (Johansen et al., 2017). In the current study, a reduced milk
yield in response to low dietary protein was observed in cows
fed lucerne-based rations, but no significant difference was
observed when cows received low CP diets based on red clover
silage. The possible reason for the milk yield difference between
cows fed lucerne or red clover silage-based diets could be the
decrease in MP when reducing dietary protein concentration,
which is greater for lucerne due to a higher RUP associated with
the action of polyphenol oxidase in red clover silage.

The concentration of milk protein was reduced in cows fed low
CP diets based on legume silages but was similar to the control diet
when either RPM, rumen-protected lysine or both was added to the
low CP diet, highlighting that milk protein synthesis depends on
the availability of essential AA to the mammary gland (Doepel
and Lapierre, 2010; Hristov et al., 2005; Huhtanen and Hristov,
2009). Several authors (Giallongo et al., 2016; Giallongo et al.,
2015; Lee et al., 2015) have demonstrated that methionine and
lysine are the key limiting AA for milk protein production in cows
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fed maize silage and lucerne-based rations. However, a decrease in
milk protein content was observed with an increasing proportion
of legume silages in our subgroup analysis, which might have been
due to a limited metabolisable energy content in legumes
(Steinshamn, 2010), which leads to a lower supply of rumen avail-
able energy and subsequent microbial CP flow to the duodenum. A
meta-analysis by Daniel et al. (2016) indicated that increasing
metabolisable energy supply increases the proportion partitioned
to body reserves, whilst increasing MP supply increases the pro-
portion of energy partitioned towards milk production. Therefore,
optimising the metabolisable energy-to-MP ratio could enhance
nutrient partitioning and milk performance, with potential varia-
tions depending on the stage of lactation.

Nutrient intake and digestibility

The negative effect of low CP diets on nutrient digestibility,
including fibre, could be attributed to a deficiency of rumen
degradable N, which is required by cellulolytic bacteria to degrade
ingested carbohydrates (Atasoglu et al., 2001). The lowest concen-
tration of rumen NH3-N was also observed in the current meta-
analysis when cows received less than 140 g CP/kg DM diets. Feed-
ing legume-based diets that are very low in CP can limit the supply
of rumen available N, which leads to a decrease in microbial CP
synthesis and rumen fermentation (Broderick, 2018; Lee et al.,
2012). A meta-analysis by Huhtanen et al. (2009) noted that the
apparent total-tract organic matter digestibility in lactating cows
was negatively correlated to DM intake. In addition, a significant
reduction in NDF intake and apparent organic matter and fibre
digestibility was observed in the current study when cows received
low CP diets based on red clover silage, which could be attributed
to a lower silage non-protein N content and greater concentration
of acid detergent insoluble-N, or the enzyme polyphenol oxidase in
red clover silage (Lee, 2014). Polyphenol oxidase may interact with
plant proteins, including proteases, and depress fibre degradation,
resulting in a reduced microbial CP synthesis in the rumen due to a
lower supply of RDP (Broderick, 2018).

Plasma metabolites and urea nitrogen

The plasma concentration of b-hydroxybutyrate was numeri-
cally increased, and non-esterified fatty acid concentration was
substantially increased in cows fed legume silage-based low CP
diets, confirming the mobilisation of body fat. Law et al. (2009) also
noted that the plasma concentration of b-hydroxybutyrate was
increased by 0.08 mmol/L in cows fed 114 g CP/kg DM than the
control CP concentration of 173 g/kg DM. Similarly, Halmemies-
Beauchet-Filleau et al. (2017) observed that reducing dietary CP
content from 171 to 156 g/kg DM in red clover and grass silage-
based rations increased plasma concentrations of non-esterified
fatty acids by 0.08 mmol/L in early lactation Holstein cows. There-
fore, lowering dietary CP concentration during the early stages of
lactation is challenging for high-yielding dairy cows.

The decrease in total N intake and CP digestibility in dairy cows
fed legume silage−based low CP diets reduced the concentration of
PUN, which was associated with a significant reduction in MUN
content and N excretion in the current study. However, high
heterogeneity was observed for both PUN and MUN contents due
to the level of CP or supplementation of RP-AA in the low CP diets.
The subgroup analyses showed that the lowest milk or plasma urea
N content reduction occurred when cows received ≥ 140 g CP/kg
DM or when diets were supplemented with RP-AA. In general,
the concentration of PUN in dairy cows is closely related to dietary
CP level (Recktenwald et al., 2014). Another factor that may
influence the variation in PUN level in cows is parity, and previous
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studies (Barton et al., 1996) have established that multiparous
cows have a higher PUN content than first lactation animals, which
agrees with the current findings.

Nitrogen output, use efficiency and rumen fermentation

Nitrogen excretion mainly depends on the concentration of
dietary CP, total N or RDP intake, and a linear relationship exists
between dietary N intake and urinary or faecal N output (Castillo
et al., 2000). Several studies (Lee et al., 2012; Niu et al., 2016; Oh
et al., 2019) have reported that low CP diets significantly decreased
urinary N emission rather than faecal N, which is consistent with
the current findings. Similar to MUN, a lower excretion of urinary
N was observed when animals received < 140 g CP/kg DM or a
ration without added AA, indicating a positive correlation between
MUN and urinary N output, which supports previous studies
(Kauffman and St-Pierre, 2001; Spek et al., 2013, Chowdhury
et al., 2024). In contrast, feeding legume-based low CP diets with
added RPM slightly elevated urinary N excretion in cows compared
with those fed non-AA supplemented diets, possibly due to a lack
of change in milk protein synthesis with RPM, assuming that the
excess N is excreted in the urine. Broderick (2018) also observed
a similar effect when the diet was supplemented with rumen-
protected lysine.

Compared with the lucerne-based diet, there was a substantial
decrease in urinary N excretion and increased excretion of faecal N
as a proportion of total N intake in dairy cows fed red clover silage-
based rations. This effect supports the findings of Broderick (2018),
who investigated N utilisation in lactating dairy cows and growing
lambs fed lucerne or red clover-based diets. The efficient utilisation
of N is associated with feeding legume silage-based low protein
diets (Chowdhury et al., 2023), and low CP diets increased the
apparent milk NUE in the current study, which was related to a
reduced urinary N excretion (Chowdhury et al., 2024). The excre-
tion of urinary N was slightly increased when cows were fed
legume silage-based low CP diets for more than 7 weeks in the cur-
rent analysis, which might possibly be associated with urea recy-
cling adaptation to low CP diets.

Feeding legume silage-based low CP diets reduced the molar
proportion of rumen butyrate, which is in agreement with the find-
ings of Cui et al. (2019), who reported a tendency (P = 0.05)
towards a lower concentration of rumen butyrate in lambs fed
either CP or energy-deficient diets. In contrast, some studies
(Aguerre et al., 2016; Nursoy et al., 2018) have reported no signif-
icant effect of dietary CP concentration on rumen volatile fatty acid
concentration, except for branched-chain volatile fatty acids,
including the molar proportion of valerate or iso-valerate, which
might be a potential marker of rumen N deficiency (Cabrita et al.,
2003; Leduc et al., 2017).

Limitations and strengths

The current meta-analysis was limited to early and mid-
lactating high-yielding dairy cows. Therefore, the outcomes may
not be appropriate for late or low-producing cows, as the lowest
yield in the data analysed was 22 kg/cow/d. Most studies in the lit-
erature that have fed legume silages were based on lucerne, and
there are few studies that have fed low−protein diets containing
red clover silages. Therefore, further studies on low CP diets based
on red clover and other legume silages such as peas or beans are
required. Some performance outcomes contained variations across
the studies due to the level of CP in the diet, rate of legume silage
inclusion, and supplementation of RP-AA in low CP diets. However,
the meta-analysis did not include other dietary factors such as
starch level, RDP and RUP content, and the concentration of MP
due to a very limited number of studies on legume silages that
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reported these values. Therefore, future studies should report the
measured or predicted RDP, RUP and MP in addition to dietary
CP concentration. In addition, a subsequent meta-analysis could
compare responses to low dietary CP in legume-based diets to
responses to low dietary CP in grass silage-based rations. Regard-
less of these limitations, the main strength of the current study
was that there was no publication bias for the response variables,
and there was a systematic characterisation of a pooled dataset
from the literature to provide an overall summary of dairy cow
performance, metabolism and N use efficiency.

Conclusion

Feeding low protein diets based on legume silages negatively
impacted the performance of dairy cows by reducing intake, milk
yield, milk protein content, condition score, diet digestibility, and
rumen NH3-N and molar proportion of butyrate, but improved
apparent NUE, which was associated with a reduced N excretion
in urine and decreased plasma and milk urea N content. The diet-
ary concentration of CP, legume type and its inclusion rate, and RP-
AA supplementation were strongly related to some but not all per-
formance outcomes and, consequently, raised heterogeneity. Feed-
ing very low CP content diets (<140 g/kg DM) negatively impacted
DM intake and milk performance. Supplementation of RP-AA in
low CP diets did not alter DM intake or milk protein content com-
pared with high protein diets. However, providing RPM increased
DM intake and had a tendency for milk protein content to be
increased when compared with no AA supplement, and MUN con-
centration was higher in cows receiving rumen-protected lysine
than no additional AA. Compared with red clover silage-based
rations, lucerne-based low CP diets improved apparent nutrient
digestibility, but reduced milk yield. Future studies investigating
low-protein diets based on legume silages should focus on red
clover-based rations and other legumes, and the dietary effects of
RDP, RUP, and MP should be reported rather than just CP.
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