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Abstract

Improving nitrogen efficiency in dairy cattle requires a better understanding of the dietary
and ruminal factors that regulate nitrogen partitioning. This meta-analysis evaluated the
effects of ruminal pH and dietary characteristics on microbial nitrogen (MN), non-microbial
non-ammonia nitrogen (NANMN), and NAN flows to the small intestine in lactating
cows. A dataset was assembled from 44 peer-reviewed in vivo studies (163 data points),
with dietary intake and ruminal variables standardized across trials. Mixed linear models
were developed for each N fraction, and the relative contribution of each predictor to
the explained variance was assessed using semipartial coefficients of determination (pR?).
Efficiency of microbial protein synthesis (EMPS), rumen undegraded protein intake (RUPI),
and organic matter truly digested in the rumen (OMTDR) were the most relevant predictors
of NANMN and NAN. Although the ruminal pH itself was not statistically significant
in the models, the dietary components that influenced pH, starch concentration, physi-
cally effective fiber, and RUP supply were strongly associated with nitrogen flow profiles.
Nitrogen utilization was not affected by ruminal pH, but rather by the combination of
fermentable substrates and the supply of rumen-degradable and undegraded protein.

Keywords: microbial protein synthesis; nitrogen utilization; rumen metabolism

1. Introduction

Nitrogen (N) metabolism in ruminants is a central focus in dairy nutrition, both for
optimizing milk protein synthesis and reducing N losses to the environment [1]. In the
rumen, dietary protein is partially degraded by microbes into ammonia, which can be used
for microbial protein synthesis (MN) or absorbed into the bloodstream and excreted as
urea [2]. The nitrogenous compounds that escape ruminal protein degradation and reach
the small intestine include MN, rumen undegraded protein (RUP), and a fraction referred
to as non-ammonia non-microbial N (NANMN). NANMN is defined as the portion of N
not associated with MN or ammonia and includes RUP as the main component, together
with other nitrogenous compounds such as peptides, free amino acids, and endogenous N
derived from sloughed epithelial cells and digestive enzyme [3].
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The partitioning of N among these fractions is influenced by multiple dietary and
physiological factors. Ruminal pH, modulated by dietary concentrate levels and feeding
frequency [4,5], has been proposed as an important factor. However, evidence from in vivo
studies remains inconsistent, and its role relative to other dietary drivers of N partitioning
is still unclear. This uncertainty highlights the need for a quantitative synthesis, such as the
present meta-analysis. Subacute ruminal acidosis (SARA), often defined as ruminal pH
below 5.8, is common in high-producing dairy cows receiving high-concentrate diets [5].
However, the exact threshold and measurement method for SARA can vary among studies,
contributing to different interpretations of this disorder. SARA may alter microbial activity
and N utilization efficiency, particularly by impairing microbial protein synthesis and
increasing ruminal escape of dietary protein [6,7].

Continuous culture studies [8] and in situ evaluations [9] have suggested that NANMN
outflow may increase under low-pH conditions, likely due to reduced microbial capture of
ammonia and greater passage of nitrogenous compounds that escape ruminal degradation,
such as undegraded dietary proteins and peptides [10]. Nevertheless, in vivo evidence
for this relationship remains scarce and inconsistent, which justifies further investigation
through meta-analytical approaches.

Most studies focus primarily on MN or RUP, while the behavior and nutritional
significance of NANMN under varying ruminal conditions remain poorly characterized.
In our database, continuous or high-resolution measurements of ruminal pH were rarely
reported [11,12]. Most studies provided only single or averaged pH values [13,14], limiting
the ability to identify studies meeting SARA criteria or to evaluate detailed responses of
NANMN to subacute acidosis. This knowledge gap restricts our capacity to fine-tune
dietary strategies that maximize N utilization and minimize N excretion.

Besides the potential role of ruminal pH, other factors such as dry matter intake (DMI),
organic matter intake (OMI), N intake (NI), organic matter truly digested in the rumen
(OMTDR), efficiency of microbial protein synthesis (EMPS), and RUP intake (RUPI) have
been consistently shown to influence N partitioning [15,16]. However, the relative contribu-
tion of these factors to each N fraction, particularly NANMN, has not been comprehensively
quantified in a multivariate framework.

The objective of this study was to evaluate the effect of dietary and ruminal condi-
tions, including ruminal pH, on the ruminal outflow of N fractions in high-producing
dairy cows. To this end, a meta-analysis of 44 peer-reviewed in vivo studies, comprising
176 treatment means, was conducted. Using multivariate regression, we aimed to quantify
the influence of dietary and ruminal variables on the flow of MN, NPN, and total NAN,
and specifically to test whether low ruminal pH conditions, suggested but not consistently
confirmed in vivo, are associated with altered N partitioning.

2. Materials and Methods

A systematic literature search was conducted to compile in vivo studies evaluating N
metabolism and duodenal N flows in lactating dairy cows. Peer-reviewed articles published
over the past 45 years were retrieved from Google Scholar, Web of Science, and PubMed
databases. The search strategy combined the following keywords in various combinations:

v u v u

“ruminal nitrogen flow”, “microbial nitrogen”, “non-ammonia nitrogen”, “duodenal protein”,
“lactating dairy cows”, “ruminal pH”, and “rumen undegraded protein.” Studies published in
English and reporting relevant N metabolism data (e.g., microbial N flow, RUP, NANMN,
or total N excretion) were screened for inclusion.

Studies were eligible if they met the following criteria: (1) in vivo experiments using
lactating dairy cows; (2) reported at least one of the following variables: MN, NANMN, or

total NAN flows to the small intestine; (3) included dietary and ruminal parameters, such
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as DMI, OMI, NI, CONCI, RUPI, OMTDR, EMPS, or ruminal pH. Studies were excluded
if ruminal ammonia concentrations were consistently below 5 mg/dL, the average DMI
was <15 kg/d, or mean BW was <480 kg to ensure physiological comparability with mid-
to late-lactation Holstein cows commonly used in high-producing dairy systems. Data
from studies published before 2000 were acknowledged as potentially not fully reflecting
contemporary cow genetics or management.

Initially, 95 peer-reviewed studies (372 observations) were identified, primarily from
Journal of Dairy Science, Journal of Animal Science, British Journal of Nutrition, Canadian
Journal of Animal Science, and Animal Feed Science and Technology. After applying inclu-
sion criteria and removing studies with incomplete or incompatible data, a final sub-
set of 44 studies (163 observations) was selected for model development and validation
(Supplementary File S1).

Studies published between 1983 and 1999 were included because this period encom-
passed most in vivo trials using omasal or duodenal cannulation, which provide precise
and direct estimates of MN, RUP, and NANMN flows. Due to the technical complexity,
cost, and animal welfare considerations associated with surgical preparations, few such
experiments have been conducted in recent decades. Despite a thorough search of more
recent literature, no additional studies meeting the inclusion criteria were found.

When required variables were not explicitly reported, they were estimated from
contextual information or calculated using standard nutritional equations. For studies
lacking BW, estimates were derived based on parity and lactation stage from comparable
studies; studies with estimated BW <480 kg were excluded. Missing CP and NDF values
were imputed from NASEM [6]. All variables were converted to consistent units (g/d for
N flows, kg/d for intake) to standardize the dataset.

The RUP intake was estimated using the fractional degradation rate (K4) and fractional
passage rate (Kp) approach. This method calculates the proportion of feed protein that
escapes ruminal degradation based on the rates at which protein is degraded in the rumen
and passes out of the rumen. The RUP fraction of B-type protein is computed using the
formula: RUP = K,;KTPK,# where Ky is the fractional degradation rate (per hour) and K}, is
the fractional passage rate (per hour). Protein intake multiplied by this escape proportion
provides the RUP intake estimate [6,17]. For the A fraction, a fixed 6.4% escape is assumed,
and the C fraction is considered indigestible in the rumen.

NANMN was calculated as the fraction of N reaching the small intestine that is neither
microbial N nor ammonia. This includes RUP as the major component, along with other
nitrogenous compounds (peptides, free amino acids, endogenous N).

Each ingredient’s contribution to total dietary RUP was estimated using inclusion
rate, CP content, and Kd/Kp values. Resulting RUP content (%DM) was multiplied by
DMI and converted to RUP-N (g/d). Endogenous N (2 g/kg DMI) was accounted for
in the derivation of RUP escape values to avoid bias relative to endogenous-corrected
NANMN [1,6]. Descriptive statistics for the final dataset (n = 163) are shown in Table 1.
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Table 1. Descriptive statistics of dietary, ruminal, and nitrogen-related variables used in the final
meta-analysis dataset (1 = 163).

Item n Mean Minimum Maximum  Median SD

BW, kg 1 163 590.91 480.00 717.00 596.00 49.26

DML, kg 163 20.14 15.08 26.70 20.00 2.80

DMI, %BW 1 163 3.42 2.58 4.40 3.50 0.46

OMI 2, kg 151 18.78 14.08 25.90 18.50 2.51

Diet characteristics

Concentrate, %DM 163 50.36 32.85 75.00 50.0 8.44
CP, %DM 163 17.13 13.08 23.10 17.39 1.47

RUP, %DM 3 163 6.33 2.90 12.00 6.10 1.41

Measured variables

N intake, g/d 163 553.48 368.19 751.87 550.70 97.41
NAN flow, g/d 163 511.18 308.80 858.00 510.00 101.44
MN * flow, g/d 163 258.44 108.10 425.00 248.00 63.91
NANMN ? flow, g/d 163 252.73 69.00 433.00 254.00 78.68
NAN flow, %N intake 163 93.34 63.45 140.36 92.81 16.40
MN flow, %N intake 163 47.63 21.92 94.69 46.41 13.45
NANMN flow, %N intake 163 45.71 13.43 85.53 45.16 12.69
MN flow, %GNAN 163 51.01 28.69 81.62 48.88 10.75
NANMN flow, %NAN 163 48.99 18.38 71.31 51.12 10.75

Ruminal pH 162 6.11 5.50 6.92 6.05 0.26

Ruminal NH3-N, mg/dl 146 12.46 5.20 40.60 12.00 4.65

OMTDR ©, % 151 50.93 29.30 74.11 50.80 8.60

EMPS 7, g of MN/100 g of OMTDR 151 28.20 12.30 53.70 27.23 8.60

! Includes observations for which BW was estimated; 2 organic matter intake; 3 calculated by using the K4-Kp

approach; # microbial nitrogen; 3 non-ammonia non-microbial nitrogen; ® organic matter truly digested in the
rumen; ” efficiency of microbial protein synthesis.

Several independent variables were initially available, including dietary composition,
intake, and ruminal fermentation parameters. Pairwise correlations between potential
explanatory variables and dependent variables (MN, NANMN, NAN) were assessed
to identify candidate predictors (PROC CORR; SAS v9.4, SAS Institute Inc., Cary, NC,
USA). Final model selection and the ranking of predictors were based on corrected Akaike
Information Criterion (AICc) to avoid overfitting and account for the number of parameters.

The final models included EMPS, OMTDR, RUPI, DMI, CONCI, OMI, NI, and ruminal
pH as continuous explanatory variables, selected based on biological plausibility, statistical
relevance, and low collinearity (variance inflation factors).

Multivariate linear mixed models were constructed using the MIXED procedure in
SAS. Each N flow fraction (MN, NANMN, NAN) was modeled separately, with study as a
random effect. The relative importance of each predictor was quantified using semipartial
coefficients of determination (pR?), isolating the unique contribution of each variable while
accounting for shared variance [8]. Model assumptions were assessed via residual analysis
(normality, linearity, homoscedasticity).

To assess ruminal pH effects, data were stratified into <5.8 and >5.8 categories, and
differences in NANMN flow were tested using independent ¢-tests. Model fit was evaluated
via AIC, residual variance, and overall model R2.

3. Results

Multivariate linear mixed models were developed to identify the most relevant dietary
and ruminal variables associated with the flow of N fractions to the small intestine (Table 2).
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Table 2. Estimates and semipartial coefficients of determination (pR?) for predictors of ruminal N
fractions in lactating dairy cows.

Dependent Variable Predictor Estimate pR?

Intercept 396.73 -
: o RUPIL! 640.35 0.47
Non-ammonia non—nﬁécioglgé nitrogen (NANMN) OMTDR 2 _481 0.10
o EMPS 3 -2.12 0.02
CONCI* 2.82 0.01

Intercept —438.74 -
EMPS 7.86 0.37

. . . 2 _

Microbial nitrogen (MN) R* = 0.87 OMTDR 453 031
DMI 12.13 0.19

Intercept —82.32 -
RUPI 544.89 0.27
Non-ammonia nitrogen (NAN) R? = 0.58 EMPS 5.95 0.21
OMI ® 11.46 0.09
NI® 0.18 0.01

! Rumen undegraded protein intake; 2 organic matter truly digested in the rumen; * efficiency of microbial protein
synthesis; 4 concentrate intake; 5 organic matter intake; 6 nitrogen intake.

For NANMN flow, the model explained 60% of the variation. RUP intake (RUPI)
was the strongest predictor (p < 0.0001; pR? = 0.47), followed by OMTDR (p < 0.0001;
pR? = 0.10), EMPS (p = 0.003; pR? = 0.02), and concentrate intake (CONCI; p = 0.05;
pR? = 0.01). Although RUPI accounted for nearly half of the explained variance, a sub-
stantial portion remains unexplained, indicating additional factors not captured in the
dataset. Ruminal pH did not emerge as a significant predictor (p = 0.13); however, this
result should be interpreted cautiously due to the limited number of low-pH observations
(n = 14), which reduces statistical power for detecting threshold effects. Mean NANMN
flow was 325 g N/d for pH < 5.8 and 241 g N/d for pH > 5.8, but the small sample size in
the low-pH category limited statistical inference.

The model for MN flow had high explanatory power, accounting for 87% of the
variation in the data. The most influential predictors were: EMPS (p < 0.0001; pR? = 0.37);
OMTDR (p < 0.0001; pR? = 0.31); DMI (p < 0.0001; pR? = 0.19).

The model for NAN flow explained 58% of the variation. Significant contributors
included: RUPI (p < 0.0001; pR? = 0.27); EMPS (p < 0.0001; pR? = 0.21); OMI (p < 0.0001;
pR? = 0.09); NI (p = 0.01; pR? = 0.01).

4. Discussion

The N metabolism in the rumen is a complex process influenced by numerous dietary
and physiological factors, and its optimization is essential for enhancing dairy cow per-
formance while minimizing environmental N losses [18,19]. This meta-analysis provides
a comprehensive evaluation of the primary drivers of N fractions flowing from the ru-
men, specifically MN, NANMN, and total NAN, by analyzing data from 44 peer-reviewed
in vivo studies encompassing 163 treatment means.

Our results highlight the significant roles of RUPI, OMTDR, EMPS, and dietary CONCI
in explaining variations in NANMN flow. Although ruminal pH was not identified as
a significant predictor of N partitioning in the dataset, this likely reflects the scarcity of
low-pH observations rather than the absence of a biological effect. For observations with
ruminal pH < 5.8 (n = 14), mean NANMN flow was 325 g N/d, compared to 241 g N/d
at pH > 5.8 (n = 162); however, the difference was not statistically significant. Due to the
limited number of low-pH observations, these results should be interpreted cautiously.
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Previous research using continuous culture and in situ techniques has shown that
lower ruminal pH, often associated with high-concentrate diets, can impair microbial
efficiency and alter N partitioning [8,9]. While a pH of 5.8 does not indicate clinical acidosis,
it is commonly used as a threshold for increased risk of subacute ruminal acidosis (SARA).
Under such conditions, reductions in fibrolytic and proteolytic bacteria may decrease
microbial protein synthesis and increase the passage of undegraded dietary protein to
the small intestine [5,20,21]. The limited number of low-pH observations in our dataset
(n = 14) reduces statistical power and may obscure potential threshold effects. Moreover,
inherent variability in diet composition, animal physiology, and measurement techniques
can attenuate detectable associations. Consequently, our results do not contradict prior
mechanistic studies indicating that low ruminal pH can alter microbial efficiency and
N partitioning.

NANMN represents the portion of N escaping microbial assimilation and ammonia,
including RUP as the main component, but also peptides, free amino acids, and endoge-
nous N [22]. While RUPI was the strongest predictor of NANMN in our models, more than
half of the variance remained unexplained (pR? = 0.60), likely reflecting additional factors
such as differences in feed ingredient digestibility, RUP amino acid profile, microbial effi-
ciency under specific dietary conditions, and endogenous N contributions. These findings
highlight the multifactorial nature of NANMN flow and the importance of considering
both dietary RUP and ruminal fermentation dynamics to optimize N delivery to the small
intestine [23].

RUPI’s influence on NANMN is not merely quantitative; it reflects a physiological
balance between the supply of rumen-degradable N and the availability of fermentable
energy [24]. Insufficient degradable protein relative to carbohydrate fermentation limits
microbial growth via ammonia, favoring the greater passage of undegraded dietary protein
to the small intestine [25]. Conversely, excess degradable protein can lead to ammonia
accumulation, inefficient microbial capture, and increased N recycling and excretion [26,27].
Thus, the association between RUPI and NANMN flow supports the concept that the
synchronization of N and energy release is critical for maximizing N utilization efficiency
in the rumen.

Despite these mechanistic insights, in vivo evidence on the effect of ruminal pH
on N partitioning remains limited and inconsistent. In our dataset, ruminal pH was
not a statistically significant predictor of NANMN flow. Controlled in vivo studies with
continuous pH monitoring and detailed N fraction analyses are required to clarify the role
of ruminal pH in nitrogen partitioning [20,21,28].

Predictive modeling based on dietary factors, including physically effective NDF
(peNDF; >8 mm), starch content, and dry matter intake (DMI), can estimate the duration of
ruminal pH < 5.8 and the associated risk of SARA [29]. These dietary factors also modulate
microbial activity, ammonia assimilation, and the passage of undegraded dietary N to the
small intestine [1,30].

Strong positive associations between MN flow, EMPS, and OMTDR partly reflect that
EMPS is calculated from MN. Dietary starch generally increases OMTDR and MN flow
but may decrease EMPS, reflecting reduced microbial protein synthesis efficiency at higher
substrate supply [31]. These results emphasize the tight linkage between microbial protein
synthesis, substrate availability, and the conversion efficiency of digested organic matter
into microbial biomass, in agreement with the concept that maximizing ruminal organic
matter digestion enhances microbial growth and the flow of high-quality protein to the
intestine [16,26].

Carbohydrate fermentation provides the primary source of ATP for rumen microbes,
fueling amino acid incorporation into microbial biomass [32,33]. Under optimal conditions,
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increased organic matter digestion enhances MN yield; however, excessive fermentation
rates can reduce ruminal pH, suppress fibrolytic activity, and shift the microbial community
toward amylolytic species such as Streptococcus bovis and Selenomonas ruminantium, which
exhibit lower N assimilation efficiency [34,35]. This trade-off illustrates how excessive
starch fermentation can decouple energy supply from N incorporation, reducing EMPS
despite increased substrate availability.

The EMPS is a critical factor influenced by diet composition, feeding strategy, and
ruminal environment [36]. Diets rich in fermentable carbohydrates promote microbial
proliferation but can reduce ruminal pH, potentially offsetting gains in microbial protein
synthesis if acidosis develops [37]. Thus, balancing fermentable energy sources and protein
supply is key to optimizing MN yield in dairy cows [38]. Although RUPI contributes
directly to NANMN flow, its interaction with ruminal digestibility and microbial efficiency
shapes post-ruminal N supply. Total nutrient intake, reflected by OMI and nitrogen intake
(NI), also affects NAN, consistent with Giallongo et al. [15], who reported that increasing
metabolizable protein enhances milk protein yield, emphasizing the importance of intestinal
amino acid supply and RUP amino acid profile.

The CONCI had a minor but significant effect on NANMN flow. High-concentrate
diets increase ruminal fermentation rates and volatile fatty acid production, lowering
ruminal pH and affecting microbial population [20,39]. This effect suggests that diet
composition influences N partitioning via mechanisms not solely mediated by pH.

Improving N utilization efficiency is essential for reducing N excretion and its envi-
ronmental consequences, such as nitrate leaching and greenhouse gas emissions [19,40].
Although our dataset lacked sufficient low-pH observations (<5.8) to evaluate the effects of
SARA on NANMN, maintaining rumen health and stability through appropriate feeding
management remains crucial [5]. Controlled experiments with repeated pH measurements
and detailed N fraction analyses, covering a range of diet compositions and RUP levels, are
needed to disentangle direct pH effects from diet-mediated changes in microbial activity.

Collectively, these findings highlight that N partitioning in the rumen arises from the
dynamic interplay among degradable and undegradable protein fractions, carbohydrate
fermentation rates, and the ruminal physicochemical environment. While ruminal pH
did not emerge as an independent predictor in our models, its biological effects are likely
mediated through shifts in microbial composition, ATP generation efficiency, and synchro-
nization between N and energy metabolism. This integrative perspective underscores
that accurate prediction of N flow requires understanding both diet composition and the
microbial and energetic context of N degradation and assimilation.

Finally, previous continuous culture and in situ studies demonstrate clear effects of low
ruminal pH on N partitioning under controlled conditions. In contrast, our meta-analysis
synthesizes in vivo studies reflecting realistic production environments with variable diets,
animal physiology, and measurement methods, highlighting the importance of integrating
mechanistic and empirical approaches to understand ruminal N metabolism. Altogether,
the results of this meta-analysis contribute quantitative evidence to refine predictive mod-
els of ruminal nitrogen flows and guide dietary strategies aimed at improving nitrogen
efficiency in dairy systems.

5. Conclusions

This meta-analysis integrated data from 44 in vivo studies to identify the key dietary
and ruminal factors affecting N flow to the small intestine in lactating dairy cows. The
results demonstrate that rumen undegraded protein intake, organic matter truly digested
in the rumen, microbial protein synthesis efficiency, and concentrate intake were the most
influential predictors of non-ammonia, NANMN flow. Although ruminal pH did not reach
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statistical significance in the final models, this result should be interpreted cautiously due
to the limited representation of low-pH conditions, which may have reduced the power to
detect threshold effects. Overall, the findings highlight that dietary composition, particu-
larly the balance between fermentable energy and rumen-degradable versus undegradable
protein, plays a predominant role in regulating N partitioning within the ruminant system.
Future research should emphasize controlled evaluations of ruminal pH dynamics, micro-
bial protein synthesis, and N fractionation to elucidate the complex interactions among
acid-base status, microbial efficiency, and post-ruminal N supply.

Supplementary Materials: The following supporting information can be downloaded
at: https://www.mdpi.com/article/10.3390/dairy6060066/s1, File S1: References of studies in-
cluded in the meta-analysis.
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