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ABSTRACT

The objective of this experiment was to investigate 
the effect of synthetic N application rate on milk pro-
duction, intake, digestion, and N excretion of dairy cows 
fed perennial ryegrass (PRG) or PRG-white clover (WC) 
herbage. Twelve ruminally cannulated multiparous Hol-
stein Friesian dairy cows averaging (mean ± SD) 66 ± 
12 DIM and 492 ± 41 kg BW were initially enrolled dur-
ing spring in a 14-d acclimation period. Cows were then 
randomly assigned to 1 of 4 dietary treatments (DT) in an 
incomplete crossover design with two 22-d experimental 
periods. This experimental schedule was repeated during 
autumn when the cows were averaging 216 ± 12 DIM 
and 512 ± 37 kg of BW. The 4 DT were as follows: (1) 
PRG receiving 25 kg of synthetic N/ha per cut (G-L); (2) 
PRG receiving 50 kg of synthetic N/ha per cut (G-H); (3) 
PRG-WC receiving 0 kg of synthetic N/ha per cut (GC-
L); and (4) PRG-WC receiving 25 kg of synthetic N/ha 
per cut (GC-H). We observed a DT by season interaction 
effect on milk yield and milk solids yield. In spring, cows 
fed GC-L had lower milk yield when compared with cows 
fed G-H (23.4 and 26.8 kg/d, respectively), and lower 
milk solids yield when compared with cows fed G-L and 
G-H (1.53, 1.92, and 1.99 kg/d, respectively). In autumn, 
cows fed GC-H had greater fat yield when compared 
with cows fed GC-L (0.89 and 0.78 kg/d, respectively) 
and had greater milk solids yield when compared with 
cows fed GC-L and G-L, but were similar to cows fed 
G-H (1.70, 1.53, 1.53, and 1.58 kg/d, respectively). We 
observed a DT by season interaction effect on DM and 
OM intake and on OM digestibility (OMD). In spring, 
DM and OM intake was similar among DT, whereas in 
autumn cows fed GC-H had greater DM and OM intake 
when compared with cows fed other DT. Cows fed GC-L 

had lower DM digestibility when compared with cows 
fed other DT in both spring and autumn. In spring, cows 
fed GC-L had lower OMD when compared with cows fed 
other DT, whereas in autumn, cows fed G-L had lower 
OMD when compared with cows fed G-H and GC-H. 
We observed a DT by season interaction effect on N 
intake, urinary N concentration, and urinary N output. 
In spring, cows fed G-H had greater N intake, urinary 
N concentration, and urinary N output when compared 
with cows fed other DT. In autumn, cows fed GC-L and 
GC-H had greater N intake and urinary N output when 
compared with cows fed G-L and G-H (800, 818, 608, 
and 626 g/d, respectively, and 447, 439, 265, and 247 
g/d, respectively). Urine output did not differ among DT 
in spring, whereas in autumn, cows fed GC-L and GC-H 
had greater urine output when compared with cows fed 
G-L and G-H (66.0, 64.6, 47.3, and 46.8 kg/d, respec-
tively). Overall, reducing synthetic N application rate on 
PRG-only swards by 25 kg of N/ha per cut generally had 
no effect on animal performance, intake, or digestibility, 
and it improved N excretion profiles during the spring. 
However, these N excretion benefits were not evident 
during the autumn period. Similarly, cows fed PRG-WC 
herbage receiving reduced application rates of synthetic 
N exhibited more favorable N excretion profiles during 
spring, whereas due to excessively high WC proportions 
during autumn, cows fed PRG-WC herbage had greater 
N intake, urinary N output, and urine output when com-
pared with cows fed PRG-only herbage. These results 
indicate that additional strategies will be required to ef-
fectively mitigate urinary N excretion during periods of 
elevated nitrate-leaching risk.
Key words: in vivo digestibility, nitrogen excretion, 
pasture-based, urinary nitrogen

INTRODUCTION

Pasture-based systems can require 200 to 300 kg of 
N input/ha per year to maintain productive growth rates 
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of high-quality swards (Enriquez-Hidalgo et al., 2016; 
Chapman et al., 2019). Typically, this N is supplied in the 
form of synthetic N fertilizer to predominantly perennial 
ryegrass (Lolium perenne L.; PRG) swards. In Europe, 
strategic policy initiatives such as the European Green 
Deal (European Commission, 2019) and Farm to Fork 
Strategy (European Commission, 2020) have set targets 
to reduce synthetic N use by 20% by 2030. These re-
ductions aim to mitigate emissions of ammonia, nitrous 
oxide, and nitrate leaching from agricultural systems, as 
well as the carbon dioxide emissions associated with the 
industrial production of synthetic N (Herron et al., 2021). 
However, the global population is projected to peak at 
nearly 10.3 billion by 2084 (United Nations, 2024), and 
when combined with rising standards of living, this is 
expected to drive a substantial increase in global demand 
for animal-sourced food products (Alexandratos and Bru-
insma, 2012; OECD/FAO, 2025). In the absence of sys-
tem innovation, reductions in synthetic N use will limit 
on-farm feed production and subsequent self-sufficiency. 
This will increase the dependence of farms on imported 
feeds to maintain human-food production and potentially 
lead to unintended pollution swapping, undermining the 
environmental and food security objectives of the Euro-
pean Union policies.

The incorporation of forage legumes such as white 
clover (Trifolium repens L.; WC) into PRG swards has 
been demonstrated to reduce the amount of synthetic N 
required to maintain productive swards (−100 kg N/ha; 
Egan et al., 2018; Murray et al., 2024) while simulta-
neously increasing the milk production efficiency of 
dairy cows when sward WC proportions are greater than 
20% (McClearn et al., 2019). Due to the ability of WC 
to perform biological N fixation (BNF), plant-available 
N is supplied more gradually and in closer synchrony 
with plant uptake when compared with synthetic N ap-
plication (Ledgard et al., 2009). This more balanced N 
supply often results in a higher proportion of N being 
assimilated into plant biomass, thereby improving N 
use efficiency (NUE; Ledgard et al., 2009; Lassaletta et 
al., 2014). Hennessy et al. (2019) suggested that within 
pasture-based dairy systems, PRG-WC swards increase 
farm-gate NUE when compared with PRG swards, even 
when estimates of BNF are included in such calculations 
(51% vs. 40%, respectively). Overall, the incorporation 
of forage legumes into PRG pastures represents a prom-
ising innovation strategy to sustain sward productivity, 
animal performance, and human-food production under 
increasingly stringent synthetic N application limits.

A key challenge within such systems is that as N sup-
ply from BNF increases, inputs of synthetic N must be 
reduced to prevent an overall increase in total N inputs. 
Ledgard et al. (2009) demonstrated that as total N inputs 
increase, there is an exponential rise in the nitrate-N that 

can be leached, regardless of whether the N input comes 
from BNF or synthetic N. The nutritional physiology of 
the ruminant does not distinguish among these 2 sources 
of N, as dietary N in excess of requirements will be ex-
creted, which can lead to concentrated N depositions on 
the soil in the form of urine patches (200–2,000 kg N/ha; 
Selbie et al., 2015). This soluble source of N has a high 
risk of being lost from the production system via nitrate 
leaching to ground water (Di and Cameron, 2007; Selbie 
et al., 2015), especially during the late autumn and win-
ter periods that are characterized by high soil moisture 
status, high rainfall, low pasture growth rates, and low 
evapotranspiration.

Overall, to reduce nitrate leaching from pasture-based 
systems while maintaining human-food production, it is 
important to investigate the effect of reducing synthetic 
N application rates on swards either containing or not 
containing WC. Literature comparing the effects of 
these factors on the N excretion of pasture-fed lactat-
ing dairy cows is currently limited, largely due to the 
logistical challenges associated with conducting total N 
balance studies. Such experimental techniques also en-
able precise quantification of nutrient digestibility and 
can provide mechanistic insight into how the inclusion 
of WC in the sward typically supports greater DMI and 
milk solids yield (McClearn et al., 2019). Furthermore, 
it is important to conduct these investigations across the 
grazing season to capture temporal changes in spring-
calving dairy cow requirements, sward nutritive value, 
and sward WC proportion. Therefore, the objective of 
this experiment was to investigate the effect of synthetic 
N application rate, with synthetic N being partially or 
completely substituted by BNF in PRG-WC swards, 
on the milk production, intake, digestion, and N excre-
tion of dairy cows fed PRG or PRG-WC herbage. We 
hypothesized that cows fed PRG-WC herbage receiving 
reduced rates of synthetic N would have lower urinary 
N excretion when compared with cows fed PRG herb-
age receiving greater rates of synthetic N. In addition, 
we hypothesized that the effects would be dependent 
on season with a more pronounced effect occurring on 
urinary N excretion during late spring when compared 
with autumn.

MATERIALS AND METHODS

This experiment was undertaken at the Teagasc Animal 
and Grassland Research and Innovation Centre (Moore-
park, Fermoy, Co. Cork, Ireland; 52°16′N, 8°25′W; 49 
m above sea level) in spring (April–May) and autumn 
(September–November) of 2022. The soil type was a free 
draining acid brown earth of sandy loam to loam texture. 
The experiment was approved by the Health Products 
Regulatory Authority (Dublin, Ireland) through the ex-
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perimental license (AE19132-P150) under the European 
directive 2010/63/EU and Statutory Instrument no. 543 of 
2012 (European Union, 2012). Meteorological data were 
obtained from a weather station located at Moorepark 
(Fermoy, Co. Cork, Ireland). The daily air temperature 
(°C), soil temperature (°C at 100 mm depth), and rainfall 
(mm) were recorded.

Animals and Experimental Design

Twelve ruminally cannulated multiparous Holstein 
Friesian cows averaging (mean ± SD) 66 ± 12 DIM and 
492 ± 41 kg of BW were initially enrolled during spring 
in a 14-d acclimation period where all animals grazed 
together on PRG-only pasture fertilized with 25 kg of 
synthetic N/ha per regrowth and were supplemented with 
0.90 kg DM/d of a standard concentrate. All cows were 4 
yr old. Following the acclimatization period, cows were 
randomly assigned to 1 of 4 dietary treatments (DT) in an 
incomplete crossover design with two 22-d periods. Cows 
were first adapted to their DT over a 14-d period before 
an 8-d measurement period. Cows were then reallocated 
to another DT for a second 14-d adaptation period, before 
the final 8-d measurement period. Cows were crossed 
over where each cow within an initial treatment was ran-
domly crossed over to one of the remaining treatments. 
During the 14-d dietary adaptation periods, cows were 
offered their respective DT in an outdoor feed pad facil-
ity (mechanical harvesting outlined in the next section, 
“Dietary Treatments, Herbage Management, and Herb-
age Measurement”), whereas during the measurement 
period cows were housed in a metabolism stall facility 
in individual stalls with free access to water. The above 
experimental schedule was repeated during autumn when 
the cows were averaging 216 ± 12 DIM, 148 ± 12 d since 
conception, and 512 ± 37 kg of BW. During the autumn 
14-d acclimation period, all animals grazed together on 
PRG-only pasture fertilized with 25 kg synthetic N/ha 
per regrowth and were supplemented with 0.88 kg DM/d 
of a standard concentrate. The spring experiment was 
performed from early April to late May and the autumn 
experiment was performed from late September to early 
November of 2022. At the beginning of the spring and 
autumn experiments, the cows were balanced for milk 
solids yield and BW. The ingredient composition of the 
standard concentrate on a fresh weight basis was as fol-
lows: maize meal, 28.7%; maize distillers, 25.0%; soy 
hulls, 20.0%; unmolassed beet pulp, 10%; liquid sugar 
cane molasses, 7%; soybean meal, 3.5%; magnesium 
oxide, 2.9%; calcium carbonate, 1.2%; sodium chloride, 
0.8%; minerals and vitamins, 0.6%; and defluorinated 
phosphorus, 0.4%. The chemical composition of the 
standard concentrate was 89.1% ± 1.4% DM, 16.1% ± 
0.3% CP (% of DM), 59.7% ± 0.2% soluble N (% of N), 

16.0% ± 0.7% NDIN (% of N), 3.8% ± 0.3% ADIN (% of 
N), 28.1% ± 0.5% amylase- and sodium sulfite–treated 
NDF corrected for ash residue (aNDFom; % DM), 9.5% 
± 0.4% water-soluble carbohydrates (WSC; % of DM), 
and 10.6% ± 0.2% ash (% of DM). The 12, 72, and 120 
h undigested aNDFom (uNDFom) residues (% of aND-
Fom) were 60.9% ± 4.9%, 10.9% ± 0.4%, and 10.9% ± 
0.4%, respectively.

Dietary Treatments, Herbage Management,  
and Herbage Measurement

The 4 DT were as follows: (1) PRG receiving 25 kg of 
synthetic N/ha per cut (G-L); (2) PRG receiving 50 kg 
of synthetic N/ha per cut (G-H); (3) PRG-WC receiving 
0 kg of synthetic N/ha per cut (GC-L); and (4) PRG-
WC receiving 25 kg of synthetic N/ha per cut (GC-H). 
The synthetic N application rates were chosen to repre-
sent strategies currently used in pasture-based systems. 
Because the swards were mechanically harvested and 
delivered to the animals throughout the experiment, the 
lack of animal manure N being returned to the swards 
was also accounted for. For the PRG-only swards, the ap-
plication rates of 25 and 50 kg of synthetic N/ha per cut 
were selected to represent a moderate rate of synthetic 
N application (i.e., 125 kg of synthetic N/ha per year) 
and the maximum allowable rate at the time (i.e., 250 
kg synthetic N/ha per year). The same moderate rate of 
25 kg of synthetic N/ha per cut was applied to one of the 
PRG-WC treatments, as these swards can utilize BNF. 
The final treatment received 0 kg of synthetic N/ha per 
cut to resemble pasture-based systems that solely rely on 
BNF rather than synthetic N application. To generate the 
DT, 2 experimental areas (3 ha each) were established 
comprising pastures containing PRG only or a mixed 
PRG and WC sward. The pre-existing swards were es-
tablished in May of 2020. At establishment, the previ-
ous swards were sprayed with glyphosate and plowed, 
and a fine, firm seedbed was prepared by disking and 
power harrowing to a depth of 5 cm. Seeds were sown 
at a 1-cm depth and the ground rolled. The sowing rates 
for the PRG-only swards were 32 kg/ha PRG (16 kg 
of AstonEnergy, Goldcrop, Ireland; 16 kg of Abergain, 
Germinal, Ireland), and, for the PRG-WC swards, 27 kg/
ha PRG (13.5 kg of AstonEnergy, 13.5 kg of Abergain) 
plus 5 kg/ha WC (Coolfin, DLF, Ireland). Before the cur-
rent experiment, the most recent synthetic N application 
was 25 kg of synthetic N/ha, applied in September 2021. 
Each experimental area was subdivided further into 8 
equal plots (0.375 ha; 4 plots per DT) to facilitate the 
application of synthetic N, if applicable. From January 
to February 2022, even proportions of the experimental 
area were harvested across all DT to ensure a consistent 
supply of herbage for the spring experiment. The 4 rep-
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licate plots per DT were managed in a staggered rotation 
so that a consistent supply of herbage of similar regrowth 
age was available throughout each experiment. After har-
vesting, either 25 or 50 kg of synthetic N/ha, in the form 
of protected urea (N-(n-butyl) thiophosphoric triamide; 
46% N; Goulding Chemicals Ltd., Marina, Cork, Ireland) 
was applied to the respective DT areas. The GC-L di-
etary treatment received no synthetic N. These synthetic 
N application rates were maintained across the grazing 
season, after each harvesting event, until mid-September 
when the closed period for synthetic N application began 
(DAFM, 2022). During 2022, the G-L, G-H, GC-L, and 
GC-H plots received 6, 6, 0, and 6 applications of syn-
thetic N, respectively, corresponding to annual rates of 
150, 300, 0, and 150 kg of synthetic N/ha. The regrowth 
interval between synthetic N application and harvesting 
of each DT was on average 18 d in spring and 34 d in 
autumn due to seasonal growth patterns. In between the 
spring and autumn experiments, the same treatment-spe-
cific synthetic N application rates were maintained and 
swards were conserved as silage. In July, the experimen-
tal area received 34 kg of K/ha and 13 kg of S/ha in the 
form of sulfate of potash (42% K and 16% S; Goulding 
Chemicals Ltd., Marina, Cork, Ireland).

The pastures were harvested twice daily at 0800 and 
1530 h using a GrassTech Grazer GT80 (Future Grass 
Technology, Borris, Co. Carlow, Ireland). Pastures were 
cut at 4 cm above ground level. During the 14-d adap-
tation periods, cows were offered herbage twice daily 
at the time of harvesting. During the 8-d measurement 
periods, cows were offered herbage 8 times daily at 
0630, 0830, 1030, 1230, 1430, 1630, 1830, and 2030 h, 
with the herbage refrigerated at 4°C between feedings 
to minimize respiration, as described previously by 
Dineen et al. (2020). The quantity offered to each animal 
was recorded, and refusals were collected the follow-
ing morning at 0730 h and weights were recorded. The 
feeding rates were adjusted daily to yield refusals of 5% 
to 10% of intake. After harvesting, herbage offered was 
sampled for each DT and dried at 90°C for 16 h to deter-
mine DM. Refusals were sampled once daily per cow to 
determine DM. Additional offered and refused samples 
were frozen at −20°C for later chemical analysis. Dur-
ing both the acclimatization and experimental periods, 
all cows were also supplemented daily with a standard 
concentrate (0.90 kg DM/cow during spring and 0.88 kg 
DM/cow during autumn). Concentrate was fed at milking 
in 2 equal portions; the quantity offered was recorded, 
and any refusals were collected and weighed during each 
8-d measurement period to calculate concentrate intake. 
Concentrate samples were collected on alternate days 
and dried at 60°C for 64 h.

Precutting herbage yield was determined in each plot 
before harvesting by cutting 2 strips (1.2 m × 10 m) to a 

height of 4 cm using an Etesia mower (Etesia UK. Ltd., 
Warwick, UK). The harvested material was weighed and 
a 100-g subsample was oven-dried at 90°C for 16 h to 
determine the DM concentration. Sward density was 
calculated as described by Dineen et al. (2021); briefly, 
using a rising plate meter (355 mm diameter and 3.2 kg/
m2 Jenquip, Feilding, New Zealand), 10 compressed 
herbage height measurements were recorded before and 
after harvesting for both strips, and sward density was 
calculated as follows:

	 Sward density (kg of DM/cm per ha) = 	  

	 Precutting herbage yield (kg of DM/ha)/	  

	 [Precutting compressed height (cm) 	  

− Postcutting compressed height (cm)].

Additionally, 30 compressed sward height measurements 
were taken diagonally across each plot to determine 
precutting compressed sward height using the previously 
mentioned rising plate meter. The above measurements 
were used to calculate precutting herbage yield in accor-
dance with Dineen et al. (2021):

	 Precutting herbage yield (kg of DM/ha) = 	  

	 [Precutting compressed sward height (cm) 	  

– 4 (cm)] × sward density (kg of DM/cm per ha). 

The postcutting residual compressed sward height was 
determined by recording 30 measurements across each 
plot after harvesting using a rising plate meter. The sward 
WC proportion was determined in each GC-L and GC-H 
plot before harvesting. Using a Gardena hand shears 
(Accu 90, Gardena International GmbH, Ulm, Germany), 
15 to 20 samples were taken at random locations along 
a W-shaped transect, cutting to 4 cm. The sample was 
mixed, and a 70-g subsample was taken and separated 
into PRG and WC fractions and dried at 90°C for 16 h to 
determine the proportions on a DM basis.

Animal Measurements

Cows were milked twice daily at 0730 h and 1530 
h. Individual milk yield was recorded at each milking 
(Dairymaster, Causeway, Co. Kerry, Ireland). During the 
8-d measurement periods, milk samples were collected at 
each milking and subsequently analyzed for fat, CP and 
lactose concentration using mid-infrared spectroscopy 
analysis (Milkoscan 7, Foss Electric, Hillerød, Den-
mark). Milk solids [fat (kg) + protein (kg)], ECM (Tyr-
rell and Reid, 1965), and feed efficiency (ECM/DMI) 
were calculated. Body weight was measured following 
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the morning milking on the day before and the day after 
each measurement period using an electronic portable 
weighing scale and Winweigh software package (Tru-test 
Limited, Auckland, New Zealand). Body condition score 
was recorded concurrently with BW by an experienced 
observer on a scale of 1 to 5 with 0.25-unit increments 
(Edmundson et al., 1989).

During each 8-d measurement period, cows were fitted 
with an external harness to which fecal collection aprons 
were attached. Feces were collected into trays positioned 
directly behind each animal. Total fecal output from the 
previous 24 h was weighed and recorded each day. Fol-
lowing weighing, feces was homogenized by hand mix-
ing and 2 subsamples were immediately frozen at −20°C 
for later chemical analysis. To facilitate the separation 
of urine and feces, a latex urine separator was attached 
to the area around the vulva of each cow. The urine was 
directed into a 60-L collection drum with 100 mL of 9 M 
sulfuric acid per 10 L of urine added to prevent volatil-
ization of N. The total urine output from the previous 24 
h was weighed and recorded each day. Following weigh-
ing, the urine was homogenized and a sample was imme-
diately frozen at −20°C for later chemical analysis. Data 
collected during d 15 to 20 of each 22-d experimental 
period were included in the current analysis.

Laboratory Analysis and Calculations

All herbage and fecal samples were freeze dried 
(LS40+chamber, MechaTech Systems Ltd., Bristol, UK) 
at −55°C for ~96 h until a constant weight was achieved. 
Concentrate samples were oven-dried at 60°C for 64 h. 
Once dried, samples were milled through a 1-mm screen 
using a Cyclotech 1093 Sample Mill (Foss). Herbage, 
concentrate, and fecal samples were analyzed for ash 
(AOAC International, 2000; method 942.05), N using 
a Leco FP-928 analyzer (Leco Corp., St Joseph, MI), 
aNDFom (Mertens, 2002), and uNDFom after in vitro 
incubation with rumen fluid, as described by Dineen et 
al. (2020). Herbage samples were also analyzed for in 
vitro OM digestibility (OMD) using the method outlined 
by Morgan et al. (1989) using the Fibertec System (Foss, 
Ballymount, Dublin, Ireland); ADF (inclusive of ash 
residue) using Ankom Technology (Macedon, NY; Lee 
and Prosky, 1995; method 973.18); WSC according to 
the procedures of Hall (2014); and soluble N, NDIN, 
and ADIN according to the procedures of Licitra et al. 
(1996). Frozen urine samples were thawed and immedi-
ately analyzed for N concentration using the Leco FP-
928 analyzer.

The total-tract apparent digestibility of DM, OM, 
aNDFom, and N was determined by first subtracting the 
fecal output of each nutrient from its respective intake 
and then dividing by the respective intake. Nitrogen par-

titioning was determined by dividing the amount of N 
recovered in urine, feces, or milk by the total intake of 
N. Unaccounted N was calculated as N intake minus the 
sum of urinary, fecal, and milk N.

Statistical Analysis

All data were analyzed using a linear mixed effects 
model within the MIXED procedure in SAS version 9.4 
(SAS Institute Inc., Cary, NC) according to the following 
model:

Yijkl = μ + DTi + Sj + DTSij + Pkj + DTPikj + Clj + εijkl, 

where Yijkl = dependent variable, μ = overall mean, DTi 
= fixed effect of dietary treatment i, Sj = fixed effect 
of season j, DTSij = fixed interaction effect of dietary 
treatment i and season j, Pkj = fixed effect of period k 
nested within season j, DTPikj = fixed interaction effect 
of dietary treatment i and period k nested within season 
j, Clj = random effect of cow l nested within season j, and 
εijkl = residual error. The interaction term including DT 
and P within season was removed from the model when 
P > 0.1. Multiple comparisons between treatment means 
were made using the Tukey–Kramer method. When the 
fixed interaction effect of DT and season was significant, 
the SLICE option was used to compare DT within each 
season. Statistical significance was considered if P ≤ 
0.05 and a statistical trend if 0.05 < P ≤ 0.10.

RESULTS

Meteorological data for the spring and autumn experi-
mental periods performed during 2022 are presented in 
Table 1. Mean monthly air and soil temperature during 
the experimental periods were consistent with the pre-
vious 10-yr average. Total rainfall for July and August 
was below average, whereas September, October, and 
November exceeded the 10-yr average. Rainfall was 73, 
124, and 65 mm greater during September, October, and 
November, respectively, compared with the previous 10-
yr average.

Dietary Nutritive Value

The precutting yields, WC proportions, and nutritive 
value of the herbage used during the experiment are pre-
sented in Table 2. Herbage precutting yield was greater 
in spring when compared with autumn (1,684 and 1,322 
kg of DM/ha, respectively). Across both seasons, the 
WC proportion was greater for GC-L swards when com-
pared with GC-H swards. In autumn, WC proportion was 
greater than in spring, averaging 53% of the sward DM. 
Herbage DM concentration was greater in spring when 
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compared with autumn (18.1% and 13.4%, respectively). 
In spring, the herbage CP was greatest for G-H (18.9% 
DM), intermediate for G-L and GC-H (16.3% and 15.4% 
DM, respectively), and lowest for GC-L (12.8% DM). 
In autumn, WC increased herbage CP in the PRG-WC 
swards, on average, when compared with PRG-only 
swards (24.8% and 19.2% DM, respectively).

Animal Performance

We observed a DT by season interaction effect on milk 
yield (P < 0.01; Table 3), ECM yield (P < 0.01), fat yield 
(P < 0.01), protein yield (P < 0.01), lactose yield (P < 
0.01), and milk solids yield (P < 0.01). In spring, cows 
fed GC-L had lower yields of ECM, fat, and milk solids 
when compared with cows fed G-L and G-H, and had 
lower yields of milk, protein, and lactose when com-
pared with cows fed G-H. In autumn, cows fed GC-H 
had greater fat yield (+14%) when compared with cows 
fed GC-L and had greater milk solids yield (+11%) when 
compared with cows fed GC-L and G-L (P < 0.01), but 
were similar to cows fed G-H (P > 0.05). In both spring 
and autumn, we found no effect of DT or DT by season 
interaction effect on milk fat, protein, or lactose concen-
trations, nor on feed efficiency, BW, or BCS (P > 0.05; 
Table 3). In both spring and autumn, we found no effect 
of DT or DT by season interaction effect on BW or BCS 
change (P > 0.05; data not shown).

Intake and Apparent Digestibility

The effects of synthetic N application rate and pasture 
species on intake and apparent total-tract digestibility 
are presented in Table 4. We observed a DT by season 
interaction effect on DM (P = 0.04), OM (P = 0.05), 
aNDFom (P < 0.01), and uNDFom intake (P < 0.01). In 
spring, cows fed GC-L had lower aNDFom intake when 
compared with cows fed G-L and G-H, but were similar 
to cows fed GC-H. In spring, cows fed G-L had lower 
uNDFom intake when compared with cows fed GC-H, 
but were similar to cows fed G-H and GC-L. In autumn, 
cows fed GC-H had greater DM and OM intake when 

compared with cows fed other DT (P < 0.01). In autumn, 
cows fed GC-L had lower aNDFom intake when com-
pared with cows fed other DT. In autumn, cows fed G-L 
had greater uNDFom intake when compared with cows 
fed G-H and GC-L, but were similar to cows fed GC-H.

Cows fed GC-L had lower DM digestibility when 
compared with cows fed other DT (P < 0.01). We found 
no DT by season interaction effect for DM digestibility 
(P = 0.71), but there was a DT by season interaction ef-
fect observed for OM digestibility (P = 0.01), aNDFom 
digestibility (P < 0.01) and N digestibility (P < 0.01). In 
spring, cows fed GC-L had lower OM digestibility when 
compared with cows fed other DT, whereas in autumn, 
cows fed G-L had lower OM digestibility (−2%) when 
compared with cows fed G-H and GC-H. In spring, cows 
fed G-H had greater aNDFom digestibility (800 g/kg) 
when compared with cows fed GC-L and GC-H (699 and 
760 g/kg, respectively) but similar to cows fed G-L (782 
g/kg). In autumn, cows fed GC-L had lower aNDFom 
digestibility when compared with cows fed other DT. In 
spring, cows fed GC-L had lower N digestibility when 
compared with cows fed other DT, whereas in autumn, 
cows fed GC-L had greater N digestibility when com-
pared with cows fed G-L and G-H, but were similar to 
cows fed GC-H.

Nitrogen Intake and Whole-Body N Partitioning

The intake, concentration in outputs and partitioning of 
N are presented in Table 5. There was a DT by season in-
teraction effect observed for N intake (P < 0.01), urinary 
N concentration (P < 0.01) and fecal N concentration (P = 
0.01). In spring, the N intake of cows fed G-H was great-
est (533 g/d), cows fed G-L and GC-H were intermediate 
(436 and 442 g/d, respectively), and cows fed GC-L was 
lowest (353 g/d). In autumn, cows fed GC-L and GC-H 
had greater N intake when compared with cows fed G-L 
and G-H (800, 818, 608, and 626 g/d, respectively). In 
spring, cows fed G-H had greater urinary N concentra-
tion when compared with cows fed other DT (Table 5). 
In autumn, cows fed GC-L and GC-H had greater urinary 
N concentration when compared with cows fed G-L, but 
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Table 1. Mean air temperature, soil temperature and total rainfall during the experimental period compared with the 10-yr average (2012–2021)

Item Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov.

Mean air temperature, °C                    
  2022 7.4 6.7 9.1 12.4 13.8 16.6 16.8 13.7 12.2 9.0
  10-yr average 5.9 6.7 8.5 11.3 14.1 16.1 15.3 13.4 10.6 7.4
Mean soil temperature, °C                    
  2022 7.1 7.2 10.4 14.6 16.3 18.9 19.3 15.8 12.9 9.0
  10-yr average 5.8 7.2 10.0 13.6 16.9 18.8 17.4 16.4 11.5 7.7
Total rainfall, mm                    
  2022 96 83 69 44 73 34 28 140 230 165
  10-yr average 106 74 73 68 77 63 90 67 106 100
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were similar to cows fed G-H. In spring, cows fed G-H 
had greater fecal N concentration when compared with 
cows fed G-L and GC-L, but were similar to cows fed 
GC-H. We observed a DT by season interaction effect 
for N output in urine (P < 0.01), feces (P = 0.02), and 
milk (P < 0.01). In spring, cows fed G-H had greater N 
output in urine (g/d) when compared with cows fed other 
DT, whereas in autumn, cows fed GC-L and GC-H had 
greater N output in urine when compared with cows fed 
G-L and G-H (447, 439, 265, and 274 g/d, respectively). 
In autumn, cows fed GC-H had greater N output in feces 
(g/d) when compared with cows fed G-L and G-H, but 
were similar to cows fed GC-L (181, 161, 154, and 174 
g/d, respectively). In spring, cows fed G-H had greater N 
output in milk (g/d) when compared with cows fed GC-L 
and GC-H but similar to cows fed G-L. We observed a 
DT by season interaction effect for all N outputs when 
calculated as a proportion of N intake (P < 0.01; Table 5). 
In spring, cows fed G-H partitioned a greater proportion 
of N intake to urine when compared with cows fed other 
DT, whereas cows fed GC-L partitioned a greater pro-
portion to feces and milk when compared with cows fed 
other DT and had no unaccounted N as a proportion of N 
intake. In autumn, cows fed GC-L and GC-H partitioned 
a greater proportion of N intake to urine when compared 
with cows fed G-L and G-H (0.57, 0.54, 0.44, and 0.44 
g/g, respectively), whereas cows fed G-L partitioned a 
greater proportion to feces and milk when compared with 
cows fed GC-L and GC-H, but were similar to cows fed 
G-H.

The effect of pasture species and synthetic N appli-
cation rate on excreta output are presented in Table 6. 
We observed a DT by season interaction effect for urine 
output (P < 0.01), fecal DM concentration (P < 0.01), 
fecal DM output (P = 0.05) and fecal aNDFom output 
(P < 0.01). In spring, urine output did not differ among 
DT (P > 0.05), whereas in autumn cows fed GC-L and 
GC-H had greater urine output when compared with 
cows fed G-L and G-H (66.0, 64.6, 47.3, and 46.8 kg/d, 
respectively). In autumn, cows fed GC-L had greater 
fecal DM concentration when compared with cows fed 
other DT, whereas cows fed GC-L and GC-H had greater 
fecal DM output when compared with cows fed G-H, but 
were similar to cows fed G-L. In spring, cows fed G-H 
had lower fecal aNDFom output when compared with 
cows fed GC-L and GC-H, but were similar to cows fed 
G-L, whereas in autumn, cows fed GC-L had lower fecal 
aNDFom output when compared with cows fed G-L, but 
were similar to cows fed G-H and GC-H.

DISCUSSION

By identifying the optimal combination of synthetic 
N application rate and BNF, pasture-based systems can 
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maintain or improve human-food production in tandem 
with reducing environmental N emissions. Notably, dur-
ing the autumn experiment, herbage WC proportions were 
excessively high for the GC-L and GC-H dietary treat-
ments (64.5% and 42%, respectively). This was likely due 
to the repeated mechanical harvesting performed on the 
swards throughout the season, together with the seasonal 
growth pattern of WC (Walsh et al., 2025). Our goal was 
to generate swards of 20% to 30% WC; however, this 
ultimately was outside the control of management.

Animal Performance

Within the PRG-only diets, moderate reduction in 
synthetic N application rate (i.e., 25 kg of N/ha per cut) 
generally had no effect on animal performance, intake, 
or digestibility. Although cows fed G-L had lower OMD 
when compared with cows fed G-H during the autumn, 
there was no effect on milk production or milk compo-
sition. In a review by Peyraud and Astigarraga (1998), 
the authors suggested that reduced application rates of 
synthetic N on PRG-only swards had almost no effect 
on OMD and net energy content of swards, whereas in 
dairy cows fed PRG, the flow of NAN to the duodenum 
only moderately reduced. Astigarraga et al. (2002) and 
Mackle et al. (1996) both reported that neither milk yield 
nor milk composition was affected by lower synthetic 
N application rates. Murray et al. (2024) also observed 
no difference in milk production performance between 
cows fed PRG swards receiving either 250 or 150 kg 
of synthetic N/ha per year across 3 grazing seasons. In 
some experiments, reductions in synthetic N application 
rate were designed to be greater than in the current ex-
periment. For example, the difference between high and 
low N rates ranged from 20 to 80 kg N/ha per regrowth 
with the low application rate, at times, receiving 0 kg N/
ha (Delagarde et al., 1997; Peyraud et al., 1997). When 
combined with the local agro-climatic conditions (i.e., 
soil moisture deficit), pasture CP became excessively 
low (i.e., ~10% CP), reducing animal performance, likely 
from a reduction in MP supply (Peyraud and Astigarraga, 
1998). Under such conditions, the provision of supple-
mentary protein ingredients, specifically those with 
greater MP supply, has been demonstrated to improve 
animal performance (Delaby et al., 1996; Delagarde et 
al., 1997). Within the current spring and autumn experi-
ments, the PRG-only herbage remained >16% CP, likely 
resulting in the similar animal performance achieved. 
Overall, although performance per cow might not be af-
fected by moderate differences in synthetic N application 
rate, performance per hectare will likely reduce due to 
reductions in herbage DM production and the optimal 
stocking rate achievable within these farm systems (Mur-
ray et al., 2024).
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Under scenarios where synthetic N application rates 
must be reduced, it is evident that legumes will be 
required to maintain herbage production and animal 
performance (Murray et al., 2024). In a meta-analysis, 
Dineen et al. (2018) reported that daily milk yield and 
milk solids yield were increased by 1.4 and 0.12 kg, re-
spectively, in cows grazing PRG-WC swards compared 
with cows grazing PRG-only swards, when the mean 
sward WC proportion was 31.6% of DM. These findings 
are also consistent with more recent experiments (Mc-
Clearn et al., 2019; McAuliffe et al., 2022; Murray et al., 
2024), likely reflecting improvements in herbage nutri-
tive value. During the current experiment, in spring, cows 
fed GC-L had lower milk solids yield when compared 
with cows fed PRG-only herbage. The CP of the GC-L 
herbage was 12.8%, which likely resulted in the reduced 
DM, OM and aNDFom digestibility and numerically 
lowest DMI. Although WC has been shown to enhance 
the performance of spring-calving dairy cows, this effect 
is most evident in mid- to late-lactation, when WC makes 
a greater contribution to the sward than in spring (Mc-
Clearn et al., 2019). Andrews et al. (2007) reported that a 
minimum WC inclusion rate of 20% of DM is required to 
observe a milk production benefit, whereas Rochon et al. 
(2004) suggested that a WC proportion of 30% of DM is 
optimal for maximizing animal performance. The lower 
animal performance when cows were fed GC-L during 
spring (i.e., 0 kg of N/ha) highlights the importance of 
optimizing the combination of synthetic N application 
rate and BNF rather than total elimination of synthetic 
N. However, it is important to note that within a normal 
grazing system, some organic N would be recycled to the 
pasture in the form of urinary and fecal N, whereas under 
the circumstances of the current experiment, herbage was 
mechanically harvested and excreta were not returned to 
the swards.

During the autumn experiment, cows fed GC-H had 
greater milk solids yield when compared with cows fed 
G-L and GC-L. The greater milk solids yield was likely 
achieved through greater DMI rather than increased di-
gestibility. Both McCarthy et al. (2023) and Lee et al. 
(2004) reported greater DMI for cows fed PRG-WC 
when compared with cows fed PRG. Lee et al. (2004) 
demonstrated a linear increase in DMI with increasing 
WC proportions. However, the increase in DMI when 
cows are fed WC is not always consistent and might be 
related to measurment technique (i.e., marker versus 
directly measured), sward WC proportion, or time of 
year (Enriquez-Hidalgo et al., 2014; Egan et al., 2017; 
Hurley et al., 2021). It is not obvious why the cows fed 
GC-L did not also increase DMI and milk yield when 
compared with the PRG-only DT. As mentioned previ-
ously, the PRG-WC swards had excessive proportions 
of WC during the autumn. This led to differences in 
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herbage aNDFom concentration, with the GC-H herbage 
being nutritionally optimal (30% of DM), which might 
have allowed increased DMI to be achieved, whereas the 
aNDFom concentration of the GC-L herbage might have 
been suboptimal (25% of DM; Stockdale et al., 1987), 
with a lower aNDFom digestibility being observed. The 
reduced in vivo aNDFom digestibility was consistent 
with the in vitro results, which showed greater aNDFom 
residues at 120 and 240 h for GC-L herbage. Therefore, 
this excessive proportion of WC and low aNDFom 
concentration in the GC-L herbage might have limited 
animal performance. Interestingly, for all DT, cows ex-
hibited greater DMI during autumn when compared with 
spring. A comparable seasonal increase was observed by 
Dwan et al. (2025) for cows grazing PRG and PRG-WC 
swards, consistent with evidence from a large-scale study 
by Berry et al. (2007), indicating that DMI can tend to 
increase across the grazing season.

Numerous authors suggest that the inclusion of WC in-
creases the digestibility of the swards (Egan et al., 2018; 
Murray et al., 2024); however, there is a lack of data in 
the literature measuring in vivo digestibility of lactating 
dairy cows fed WC. Niderkorn et al. (2017) reported no 
effect of varying WC proportions on DM or OM digest-
ibility in stall-fed sheep whereas Hurley et al. (2021) 
observed greater DM and OM digestibility for PRG-WC 
than PRG swards in stall-fed sheep. In the current experi-
ment, there was a lack of evidence to support that WC in-
clusion increased the DM, OM, or aNDFom digestibility 
of the diet when compared with lactating dairy cows fed 
PRG-only. Further investigation should examine the ef-
fect of WC on rumen digestion kinetics and fermentation 
characteristics in lactating dairy cows to elucidate the 
mechanisms underlying the increases in DMI and animal 
performance typically observed. Altogether, these find-
ings suggest that in legume-containing swards, synthetic 
N application rates can be reduced without compromis-
ing animal performance but should not be eliminated.

Nitrogen Excretion

In spring, within the PRG-only diets, reduction in 
synthetic N application rate reduced N intake, urinary N 
concentration and urinary N output; however, there was 
no effect on these variables during autumn. This is likely 
due to the greater increase in grass CP concentrations 
during spring (+2.6% CP) when compared with autumn 
(+1.1% CP) as a result of increased synthetic N applica-
tion rate (Peyraud and Astigarraga, 1998). As reported by 
O’Connor et al. (2019), increased synthetic N application 
rate also had a greater effect on grass WSC concentra-
tion during spring (−3.1% WSC) when compared with 
autumn (−0.9% WSC). During late-autumn, pasture 
growth rates decline and soil N mineralization increases 

when compared with spring and summer (Johnston and 
Jenkinson, 1989), resulting in a lower responsiveness of 
grass CP concentration to increasing synthetic N appli-
cation rate. This highlights the limitation of relying on 
reduced synthetic N application rate on PRG-only swards 
to reduce urinary N excretion from lactating dairy cows 
during autumn, which is the high-risk period for urinary 
N leaching to occur (Selbie et al., 2015). Furthermore, 
pursuing this strategy will also reduce animal perfor-
mance per hectare through reduced herbage production 
(Murray et al., 2024).

We hypothesized that cows fed PRG-WC herbage re-
ceiving reduced application rates of synthetic N would 
have lower urinary N excretion when compared with 
cows fed PRG-only herbage receiving greater rates of 
synthetic N. In addition, we hypothesized that the effects 
would be dependent on season with a more pronounced 
effect occurring on urinary N excretion during late spring 
when compared with autumn. In agreement with our hy-
pothesis, cows fed PRG-WC herbage receiving reduced 
application rates of synthetic N had lower N intake, uri-
nary N concentration, and urinary N output when com-
pared with PRG-only herbage receiving greater rates of 
synthetic N (i.e., G-H) during spring. This response again 
was likely mediated through lower PRG-WC herbage CP 
concentrations. During spring, the low WC proportions 
and low BNF likely resulted in a lower sward N supply. 
This was not the case during autumn, as WC proportions 
were excessively high, with high rates of BNF likely sup-
plying ample N to the sward. This was reflected in the 
high PRG-WC herbage CP concentrations (>23%) during 
autumn, leading to greater N intake, urinary N output, 
and proportion of N intake partitioned toward urine in 
cows fed PRG-WC when compared with cows fed PRG-
only. The high N intake and urinary N excretion of cows 
fed PRG-WC during autumn would increase N loading 
onto pasture through urine patches and elevate the risk 
of N leaching from pasture-based systems (Selbie et al., 
2015). In addition, reducing synthetic N application on 
PRG-WC swards increased WC proportions and herb-
age CP concentration in the current experiment, which 
could further elevate the risk of N leaching. However, 
it is unlikely that swards rotationally grazed throughout 
the year would achieve similar WC proportions to what 
was observed in the current experiment, where repeated 
mechanical harvesting likely increased WC proportions. 
Further investigation is therefore needed to determine if 
an optimal combination of synthetic N application rate 
and BNF, through a more moderate proportion of WC 
in the sward, can reduce N excretion during the autumn.

Interestingly, during autumn, PRG-WC herbage had a 
lower DM concentration when compared with PRG-only 
herbage. When cows were fed these PRG-WC herbages, 
they increased their urine output by 39%, on average, 
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when compared with cows fed PRG-only. This diuretic 
response has recently been reported in cows fed forage 
plantain and chicory (Mangwe et al., 2019; Minnée et al., 
2020). Minnée et al. (2020) indicated that the increased 
daily urine output is primarily driven by increased water 
consumption due to lower herbage DM, with no addi-
tional diuretic mechanisms confirmed. Critically, when 
this diuretic effect occurs in cows fed plantain, a large 
reduction in urinary N concentration typically occurs. 
In the current experiment, however, cows fed PRG-WC 
had greater urinary N concentrations than those fed 
PRG-only, indicating that the dilution effect of increased 
urine output was insufficient to offset the greater N in-
take of cows fed PRG-WC herbage. Therefore, strategies 
to replicate the dilution effect of plantain by offering 
lower-DM feeds, as proposed by Eady et al. (2025), are 
likely to reduce urinary N concentration only when the 
inclusion of lower-DM feeds does not increase N intake. 
Ultimately, other intervention strategies, such as the in-
clusion of alternative forage species and more moderate 
WC proportions, might be needed to overcome autumn 
urinary N loading in pasture-based systems.

CONCLUSIONS

In this experiment, moderate reductions in synthetic 
N application rate on PRG-only swards generally had 
no effect on animal performance, intake, or digestibility 
across both spring and autumn. During spring, cows fed 
PRG-only herbage receiving reduced synthetic N exhib-
ited more favorable N excretion profiles; however, these 
benefits were not evident during the autumn period. In 
swards containing WC, synthetic N application rates can 
be reduced without compromising animal performance 
but cannot be eliminated. Similarly, cows fed PRG-WC 
herbage receiving reduced synthetic N exhibited more 
favorable N excretion profiles during spring; however, 
due to excessively high WC proportions during autumn, 
cows fed PRG-WC herbage had greater N intake, uri-
nary N output, proportion of N intake partitioned toward 
urine, and urine output when compared with cows fed 
PRG only. Overall, these findings indicate that additional 
strategies, including alternative pasture species or man-
agement practices such as duration-controlled grazing, 
will be required to effectively mitigate urinary N excre-
tion during periods of elevated nitrate-leaching risk.
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