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Altering dairy cattle diets to reduce both enteric methane (CH4) production and nitrogen (N) excretion are
valuable tools for mitigating the environmental impact of dairy production. We examined the impact of altering
diets on changes in physicochemical properties of manure during storage and short term plant N availability.
Manure collected from cattle fed diets with diﬀering forage and crude protein (CP) content were stored via two
methods (slurry and static pile) for 29 weeks and sampled at week 0, 1, 2, 3, 4, 9, 14, 19, 24, and 29. There was
no eﬀect of diet on C and N dynamics during storage for either storage treatment. Mass losses of total carbon (C)
were 10% greater for the static pile manure treatment than the slurry (P < 0.01). Total N losses ranged from
were approximately 46% with no treatment diﬀerences. The soil 2-week plant available N was 67% less in the
static pile than the slurry treatment, while the short-term plant N use eﬃciency was similar for both the static
pile and slurry treatments (22–24%). Due to the high inorganic N content of slurry following storage, greater
care may be needed to ensure that environmental losses do not occur.

1. Introduction
Milk production is the third largest agricultural industry in the
United States, with California and Idaho being two of the top three
dairy-producing states (USDA, 2016a,b). While dairy cows are able to
convert human inedible substrates into valuable food products for
human consumption, they can also have a negative impact on environmental quality. Dairy production systems contribute to greenhouse gas (GHG) emissions through enteric methane (CH4) production
as well as production of CH4 and nitrous oxide (N2O) from manure
storage, grazing, and forage production. According to 2013 estimates,
dairy cattle generated approximately 13% of all U.S. agricultural GHG
emissions via enteric CH4 production and manure management alone,
equating to 84 Mt Carbon dioxide (CO2) equivalent (USDA, 2016a,b).
Dairy production also contributes to the release of reactive nitrogen (N)
into the environment which can have negative impacts on water quality
and alter the physical structure of ecosystems which can have cascading
eﬀects in the environment (Pardo et al., 2015). Reactive N generated
from dairy production consists mainly of ammonia (NH3) losses from
cattle housing, manure storage, and land application of manures, as

well as losses of nitrate (NO3, via leaching) and emissions of N2O from
forage production systems (Rotz and Leytem, 2015).
Mitigation strategies to reduce both CH4 and reactive N from dairy
production include managing cattle diets. For example, modiﬁcations in
quantity and quality of dietary forage are potential enteric CH4 mitigation strategies (Kebreab et al., 2006). Research has also shown that
reducing protein consumption in excess of the animal’s requirement can
reduce N excretion to the environment (Colmenero and Broderick,
2006; van der Stelt et al., 2008). By reducing N excretion and enhancing N use eﬃciency in the animal, less reactive N is available for losses
via emissions or leaching post excretion and following land application
of manures. These dietary strategies aimed at reducing potential negative environmental impacts of dairy production can also aﬀect carbon
(C) and N losses during manure storage and the utilization of nitrogen
when used as a fertilizer source for forage/crop production.
There have been several studies that have evaluated the eﬀects of
manipulating dairy diets on manure composition and plant utilization
of manure nutrients with a focus on Powell et al. (2011) found that
changes in dietary crude protein (CP) level aﬀected the losses of NH3
from dairy slurry applied to soils (48 h) with high CP (16.8% dry matter
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[DM]) diets producing 2.1 times more NH3 than low CP (15.5% DM)
diets. The slurry resulting from the high CP diets also had 1.6 times as
much soil extractable NH4 and 1.5 times as much extractable inorganic
N than the low CP diets which could aﬀect plant nutrient uptake and N
leaching. van der Stelt et al. (2008) reported that NH3 losses from
stored manure slurries were 10 times greater from high CP (19.0% DM)
diets vs. low CP (10.8% DM) diets. When compared to fertilizer N as a
plant nutrient source, studies have indicated that slurry from dairy
cattle with high CP diets have a higher mineral fertilizer equivalent
compared to low CP diets (Sørensen et al., 2003; Reijs et al., 2007). N.
In contrast, Wu and Powell (2007) found that manure N use eﬃciency
was greatest from low CP (13.4% DM) diets compared to diets with high
CP contents (17.1 and 19.4% DM) for an oat-sorghum-sorghum ratoon
rotation. In all instances, these data were from manure slurries that, in
most cases, did not undergo long term storage prior to use in nutrient
uptake studies.
Dairy cattle housing in the western United States (U.S.) is unique, in
that 30% of lactating cows are housed in dry lots, which represents
most of the dry lot housing in the country (USDA, 2009). Manure
handling and storage at dry lot dairies is somewhat unique, as the
majority of manure is deposited on the lot surface, scraped and piled,
and remains in the lots until it is later removed for composting or land
application. Manures can be stored like this for more than a year in
some cases. In addition to dry lot dairies, another typical western U.S.
housing system consists of freestall dairies that utilize a ﬂush system to
handle manure, which is stored in lagoons for up to six months in many
cases, and later applied through irrigation systems on surrounding
cropland. Therefore, previous studies that have evaluated the eﬀects of
dietary manipulation on fresh dairy slurry composition and plant nutrient uptake may not be as relevant to western dairy production systems. Hence our objectives were to: 1. Evaluate the eﬀect of dietary
mitigation strategies to reduce both enteric CH4 production and N excretion on nutrient dynamics of stored manures; and 2. Evaluate the
short term nutrient availability and uptake, by barley, in soil amended
with these manures following storage.

Table 1
Ingredient and chemical composition of the experimental diets.
HF

Ingredient, % of DM
Alfalfa haya
Steam ﬂaked corn
Soybean meal
Cotton seed
Rolled barley
Almond hulls
Dry distillers grainsb
Mineral and Vitamin mixc
NaHCO3
CaCO3
NaCl
P supplementd
Chemical compositione, % of DM
CP
NDF
ADF
Lignin
Starch
EE
Ash
P
Ca
Na
K
Cl
TDN
NEL, Mcal/kg
DM, %

LF

HP

LP

HP

LP

53.3
19.1
7.5
5.5
4.2
2.6
6.2
1.0
0.4
0.0
0.1
0.1

53.3
27.0
0.0
5.5
4.2
2.6
5.6
1.0
0.4
0.1
0.1
0.3

37.6
33.7
12.0
5.5
4.1
2.6
2.4
1.0
0.4
0.3
0.1
0.1

37.2
41.5
4.3
5.4
4.1
2.6
2.5
1.0
0.4
0.4
0.1
0.2

18.7
31.0
24.8
6.0
18.5
3.6
7.4
0.39
0.83
0.34
1.15
0.36
68.9
1.60
89.4

15.3
30.8
24.6
6.0
24.2
3.8
7.2
0.40
0.80
0.37
1.01
0.36
69.1
1.60
89.2

18.4
24.5
19.2
4.9
28.7
3.6
7.0
0.40
0.79
0.35
1.07
0.31
72.8
1.69
88.8

15.1
24.3
19.0
5.0
34.3
3.8
6.7
0.41
0.77
0.36
0.92
0.29
73.1
1.69
88.6

a
Contained 91.5% DM and 17.6% CP, 44.2% NDF, 2.5% starch, and 16.3% tdNDF on a
DM basis.
b
Dried distillers grains (DDGS) = dried byproducts of whiskey and fuel ethanol production; contained 90.4% DM and 32.2% CP, 28.3% NDF, 6.2% starch on a DM basis.
c
Mineral and Vitamin mix compositions (DM basis): 0.49% CP; 0.185% fat; 0.72%
NDF; 11.8% Ca; 5.33% P; 9.16% Na; 0.08% K; 0.005% Cl; 4.27% Mg; 2.11% S;
4,466.7 mg/kg of Zn; 208.1 mg/kg of Fe; 2,666.7 mg/kg of Mn; 666.7 mg/kg of Cu;
58.7 mg/kg of I; 25.1 mg/kg of Co; 22.7 mg/kg of Se; 0.22% Methionine; 0.01% Lysine;
533,874 IU/kg of Vitamin A (retinyl acetate); 184,800 IU/kg of Vitamin D (Activated 7dehydrocholesterol); 4180 IU/kg of Vitamin E (dl-α tocopheryl acetate); 58.674 mg/kg of
biotin; 933.3 mg/kg of Monensin (Elanco, Greenﬁeld, IN).
d
Phosphorus supplement; ICL Performance Products LP, St. Louis, MO. contained: 26%
of P; 19.3% of Na; 0.03% of S; 30 mg/kg of F; 50 mg/kg of Fe.
e
n = 3.

2. Materials and methods
2.1. Feeding trial and collection of manure
All procedures were approved by Institutional Animal Care and Use
Committee at the University of California-Davis. The feeding trial was
conducted from July to September of 2014 at the Teaching and
Research Facilities of the Department of Animal Science at the
University of California-Davis. Feces and urine were collected from 12
Holstein cows fed 4 diets consisting of two dietary forage levels [low
forage (LF) and high forage (HF), 37.4 vs. 53.3% of DM] and two
dietary CP levels [low protein (LP) and high protein (HP), 15.2 vs.
18.5% of DM]. The rations oﬀered to cows in the feeding trial are
shown in Table 1. The diets were mainly comprised of alfalfa hay and
steamed ﬂaked corn with the high forage diets having 53% alfalfa while
the low forage diets had 37%. The high forage diets had 29% greater
NDF, 30% greater ADF and 20% greater lignin than the low forage
diets. The CP in the diets varied from 15% for the low protein diets to
18% for the high protein diets. The feeding trial was a 4 × 4 Latin
square design with four 18 d periods with each period consisting of a
15-d adaptation followed by 3-d sample collection (Niu et al., 2016).
Cows were individually fed a total mixed ration prepared once a week
(Table 1). Cows were fed ad libitum twice a day at 105% of previous
daily intakes, 60% of which was oﬀered at 0800 h and the balance was
oﬀered at 2000 h according to Niu et al. (2014). Refused feed was removed and weighed before feed delivery in the morning.
Feces and urine were individually collected from d 16 to 18 of
period 2, 3 and 4 of the feeding trial for use in the manure storage study
described below. Feces were scraped out from the rubber mat immediately after defecation using long handle metal scrapers. Scraped

feces were stored in a plastic container assigned to each cow. Feces
weight was recorded every two hours from 0900 to 2100 h and every
3 h after 2100 h. Urine from individual cows was collected using an
indwelling Foley catheter (24 French, 75-cc ballon; C. R. Bard,
Covington, GA) connected to 2–3 m of Tygon tubing (Tygon S E-3603
Flexible Tubings; Fisher Scientiﬁc, Waltham, MA) running to a 25 L
plastic urine collection jar (Nalgene HDPE Jerricans; Fisher Scientiﬁc,
Waltham, MA), which was placed in a plastic bucket ﬁlled with approximately 75% ice. Tubes were switched to an empty jar placed on
ice at 0900, 1500, 2100, and 0300 h and urine weights were recorded.
2.2. Manure storage study
The manure storage experiment was conducted from August of 2014
to March of 2015 at the Teaching and Research Facilities of the
Department of Animal Science at the University of California-Davis. For
each period (2–4) of the feeding trial, feces were collected from all
cattle on each diet and thoroughly mixed using D-shape drain spade
shovel. Manure was then divided into two parts and stored in 2 containers (Rubbermaid Commercial Products LLC, Winchester, VA) which
were then transported to the site for the manure storage study on a
daily basis. The two diﬀerent storage treatments were: 1. slurry, which
would represent ﬂush water from a freestall dairy; and 2. static pile,
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greenhouse study. There were two mixtures prepared for use in the
study: 250 g soil + amendment for sampling after 2 weeks incubation
(for soil analysis post treatment application), and 2.5 kg soil
+ amendment for the plant growth study. For the two week incubation,
manure was added to 250 mL polyethylene containers containing soil
and thoroughly mixed with a spatula. For the plant uptake study, 4L
closed bottom pots lined with plastic were used and manures were
surface applied and immediately incorporated into the top 2 inches of
soil using a hand rake. Each of the manure sources was incorporated (4
replicates of each source) at a rate of 135 mg N kg−1 (303 kg ha−1)
based on the University of Idaho fertilizer recommendations for irrigated barley, assuming an average of 30% availability of manure N for
solid manures. Although the slurry would be expected to have greater N
availability, for comparison we applied the same amount of total N
across treatments. After incorporation, amended soils were brought to
approximately 80% ﬁeld capacity using simulated irrigation water
(1:1 v/v tap and deionized water) and incubated in a completely randomized design in the greenhouse for two weeks. Soil moisture content
was maintained by adding water to the cups or to the pots every other
day.
After two weeks of incubation, soils from the polyethylene containers (250 g) were collected for analysis and six barley seeds
(Hordeum vulgare) were planted into the 2.5 kg soil pots. Greenhouse
photoperiod was approximately 12/12 h (day/night) using additional
lighting when necessary (368 μmol s−1 m−2). After emergence, plants
were thinned to four per pot, and were grown for 25 days. At harvest,
whole plant samples were cut 1 cm above the soil surface, dried in an
oven at 60 °C, with wet and dry weights obtained before and after
drying, and ground for analysis.

which would represent manure from the lots that was scraped and
stacked in a dry lot system. Only feces were included in the static pile
treatments as cows typically urinate on the dry lot surface and much of
this N is volatilized quickly or soaks into the soil surface, therefore the
majority of N in the piles is likely from feces that are scraped from the
lot surfaces. The slurry treatment was replicated by mixing feces and
urine in a ratio that represented what was excreted by the cows. This
manure mixture was then put into 379 L poly-tuf open containers
(Freeland Industries, Inc., Portage, WI) and mixed with well water to
reach the target feces: urine: water ratio of 1:1:1.5. The target feces to
urine ratio was determined based on the ratio excreted from the cows
(Niu et al., 2016) with water added to reach a target of 6% solids
content which is within the range of a “slurry” deﬁned as 4 to 10%
solids (Lorimor et al., 2004). The approximate surface area: volume
ratio of the slurry manure was 1: 379 (m2/L), and the depth of the
slurry manure ranged from 0.5 to 0.6 m. The static pile treatment was
created by stacking manure (approximately 120 kg) in open plastic
containers (1.1 m in diameter) and left without any further movement.
The depth of the stacking manure ranged from 0.2 to 0.3 m. Manure
from each of the three collection periods were treated as replicates for
each diet/manure storage combination treatment. Hence there were 8
treatments (4 diets × 2 manure storages) for each period replicated 3
times for a total of 24 manure containers. The total weight of manure
going into each container was recorded and a sample was immediately
taken to represent time “0”.
Manures were stored for 29 weeks. Water was added to the slurry
treatments once a week to maintain the initial volume. Starting at time
“0” the ambient air temperature and temperature of each manure
treatment was recorded every 15 min using a temperature probe with
data logger (HOBO U23 Pro v2 External Temp Data Logger; Onset
Computer Corp., Bourne, MA). Temperature sensors were placed in the
middle of the pile (for static piles) or slurry tank (for slurries).
Subsamples of manure were collected from each manure treatment at
week 0, 1, 2, 3, 4, 9, 14, 19, 24, and 29. Approximately 150 g of manure
was collected from the static pile treatment using a spatula and placed
in a clean plastic bag. The hard surface of the static pile treatments were
cut open and four samples were collected at diﬀerent locations and then
composited after which the hard manure pieces were put back in place
to re-seal the static piles. Slurry treatments were mixed for 30 s prior to
sampling and a 200 mL composite sample was collected from each tank
and placed into a wide-mouth sample bottle (Fisher Scientiﬁc,
Waltham, MA). The composite sample consisted of 4 subsamples that
were collected at various locations/depths using a 50-mL open-mouth
polystyrene serological pipette (Falcon transfer pipettes; Corning, New
York). Samples were placed in a styrofoam cooler with ice, then immediately brought to the laboratory and stored at −20 °C.
At the end of the experimental period, the slurry was brought to
volume, thoroughly mixed and a ﬁnal sample was taken for analysis.
Slurry was then pumped into 190 L (50 gal) plastic drums for transport.
The static pile manures were weighed and thoroughly mixed and a
composite sample collected. The manures from the static pile treatments were then loaded into plastic containers for transport. All manures were transported to the USDA-ARS Northwest Irrigation and Soils
Research Laboratory in Kimberly, ID for use in a greenhouse study.

2.4. Chemical analyses
Frozen samples from the static pile treatments were shipped to
Cumberland Valley Analytical Services Inc. (Maugansville, MD) for
analysis of dry matter (DM; 135 °C; AOAC, 2000; method 930.15), ash
(535 °C; AOAC, 2000; method 942.05), neutral detergent ﬁber (NDF;
Van Soest et al., 1991), non-ﬁber carbohydrates (NFC; Hall, 2008), and
minerals (AOAC, 2000; method 985.01). Organic matter (OM) was
determined based on ash content (OM = 100% − ash%). Frozen
samples of all storage treatments were shipped to the USDA-ARS Laboratory in Kimberly, ID. Slurry samples were defrosted and allowed to
come to room temperature and the pH was measured using a Jenway
4330 conductivity and pH meter (Jenway, Staﬀorshire, UK). Slurries
were analyzed for total and volatile solids using Standard Methods
2540B and 2540 E, respectively (Eaton et al., 2005), DM (135 °C;
AOAC, 2000; method 930.15), and ash (535 °C; AOAC, 2000; method
942.05). The solid manures and slurries were then freeze dried and
ground with total N and C determined by combustion of a 25 mg sample
in a FlashEA1112 (CE Elantech, Lakewood, NJ).
Manures used in the greenhouse study were mixed and sampled
immediately prior to use. Total N was determined using the Total
Kjeldahl digestion method (EPA-821-R-01-004) with analysis of N on a
Lachat automated analyzer (Lachat Instruments, Loveland, CO).
Slurries were analysed for total ammoniacal nitrogen (TAN), using
Standard Methods 4500-NH3 (Eaton et al., 2005). The solid stacked
manures were analyzed for NH4-N and NO3-N by extraction with
2 mol L−1 KCl (50 g manure in 200 mL of 2 mol L−1 KCl), shaken for
2 h, ﬁltered and analyzed for NH4-N and NO3-N using QuickChem
Methods 12-107-06-2-A (NH4) and 12-107-04-1-B (NO3) on a Lachat
automated analyzer (Lachat Instruments, 1996). All samples (slurry and
solid manures) were then freeze dried and ground. Total C was determined via combustion as described above. Moist soil samples from
the greenhouse experiment were analyzed as follows. Soil NH4-N and
NO3-N were determined by extraction with 2 mol L−1 KCl (5 g soil in
50 mL of 2 mol L−1 KCl), shaken for 2 h, ﬁltered and analyzed as stated
above. Bicarbonate extractable P was determined using the method of

2.3. Greenhouse study
A greenhouse study was conducted from July to August of 2015 at
the Northwest Irrigation and Soils Research Laboratory in Kimberly, ID.
The soil used in this study was a Portneuf silt loam (coarse-silty, mixed,
superactive, mesic Durinodic Xeric Haplocalcids) from 0- to 20- cm
depth located at the Northwest Irrigation and Soils Research Laboratory
in Kimberly, ID. The bulk soil had a NH4-N and NO3-N concentration of
13 and 33 mg N kg−1, respectively and a bicarbonate extractable P
value of 19 mg kg−1. The bulk soil was collected and air-dried, then
sieved through a 7-mm screen and analyzed prior to use in the
53
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Olsen et al. (1954) with P analysis performed with the phosphomolybdate blue method of Murphy and Riley (1962). Dried plant samples
were analyzed for total N and C via combustion of a 50 mg sample in a
FlashEA1112 (CE Elantech, Lakewood, NJ).

Table 2
Physicochemical properties of manures at start of storage study.
Diet†

2.5. Calculations
Total mass balances were conducted on each manure treatment to
determine the total loss of C and N over the storage period using Eq. (1).
Average mass reduction of C, N, and total solids were calculated as:

Mass reduction (%)
[Initial DM mass (kg )*C0] − [End DM mass (kg )*Cf ]
=
*100
Initial mass DM (kg )*C0

(1)

PNU (treatment ) − PNU (control)
*100
nitrogen added with treatment

LFLP
5.7 ± 0.9
4.7 ± 0.9
2.7 ± 0.1
41.9 ± 0.4

HFHP
5.8 ± 0.3
4.6 ± 0.3
2.5 ± 0.1
41.3 ± 0.3

HFLP
5.3 ± 0.9
4.3 ± 0.8
2.5 ± 0.1
42.4 ± 1.3

Static Pile
DM (%)
TN (%)
TC (%)
NDF (% of DM)
NFC (% of DM)

19.4 ± 1.1
3.0 ± 0.1
43.5 ± 0.6
51.3 ± 2.3b
17.4 ± 0.4a

19.3 ± 0.8
2.8 ± 0.2
43.7 ± 0.7
53.0 ± 2.4b
17.6 ± 0.6a

18.3 ± 0.6
2.6 ± 0.2
43.0 ± 1.3
55.9 ± 1.4a
15.7 ± 0.7b

18.9 ± 0.4
2.7 ± 0.1
43.1 ± 0.9
56.7 ± 1.8a
16.3 ± 0.4b

and forage on plant nutrient utilization, while there were signiﬁcant
eﬀects of manure storage, and interaction terms were not signiﬁcant.
Therefore, we averaged manures across dietary treatment and used a
one way ANOVA to determine the eﬀect of storage type on plant nutrient utilization. Means separation was performed using the RyanEinot-Gabriel-Welsch multiple range test, with a P < 0.05.

(2)

Nitrogen use eﬃciency was calculated as follows:

NUE =

LFHP
5.3 ± 1.2
4.3 ± 1.1
2.6 ± 0.2
41.3 ± 1.7

†
LFHP = low forage and high protein diet, LFLP = low forage and low protein diet,
HFHP = high protein and high protein diet, HFLP = high forage and low protein diet.
‡
DM = dry matter, VS = volatile solids, TN = total nitrogen, TC = total carbon,
NDF = neutral detergent ﬁber, NFC = non-ﬁber carbohydrates.

Where C0 is the concentration of nutrient at time “0” and Cf is the
concentration of the nutrient at the ﬁnal sampling. Total solids were
determined via diﬀerence in DM content.
Plant nitrogen uptake (PNU) was calculated as follows:

PNU = plant biomass (g DM )*tissue concentration (% DM )

Slurry
DM‡ (%)
VS (%)
TN (%)
TC (%)

(3)

The percentage of soil inorganic N (IN, IN = NO3-N + NH4-N) as
total N applied was calculated as follows:

3. Results and discussion

Soil IN (treatment ) − soil IN (control)
% IN of TN =
*100
nitrogen added with treatment

3.1. C and N dynamics during manure storage

(4)

The chemical characteristics of manures at the start of the storage
study are shown in Table 2. The reported values are similar to those
reported in the literature (Sørensen et al., 2003; Powell et al., 2006; Wu
and Powell, 2007; Shah et al., 2015). The only eﬀect of diet on manure
physicochemical parameters at the start of the study was the eﬀect of
dietary forage level on NDF and NFC (static pile treatment only).
Manure NDF was slightly higher in the high forage diets (56% of DM)
compared with the low forage diets (52% of DM), while the opposite
trend was noted in the NFC contents. The ratio of NDF to NFC was 17%
greater in the high forage diets than the low forage diets. These differences persisted throughout the storage study. The remainder of the
manure physicochemical properties did not diﬀer. The average DM for
the static pile treatment (19%) was 3.5 times that of the slurry treatment (5.5%). The volatile solids content of the slurry was 80% of the
total solids content. Average total N and C (both treatments) were 2.7%
and 43% of DM, respectively.
While diet did have an eﬀect on urinary N excreted (Appendix A;
Niu et al., 2016), there was no eﬀect of diet on manure chemical
properties at the start of the storage study. The solid manure treatment
did not have urine added to it as the majority of urinary N would have
volatilized prior to manure storage on a typical farm, so the N concentrations were driven by fecal N which was not aﬀected by diet.
Although there was urine mixed with feces in the slurry treatment,
there were no signiﬁcant diﬀerences in manure total N at the start of
the storage study. It is likely that the rapid volatilization of NH3 during
transport, preparation, and very onset of storage lead to losses of urinary N prior to monitoring of the slurry. The majority of NH3 loss
usually occurs within 48 h of excretion (Paul et al., 1998; Misselbrook
et al., 2005), therefore, by the time the urine and feces were mixed,
transported to the storage site and then mixed with water, a large
amount of the urinary N could have already been lost through volatilization.
During the manure storage study, the moisture content varied with
storage treatment over time (Fig. 1a). The slurry moisture content was
maintained at 95.8% by the weekly addition of water to compensate for
losses through evaporation. The moisture content of the static pile

2.6. Statistical analysis
Mass reductions of nutrients in manure during storage were analyzed for eﬀects of manure storage, dietary CP, and forage, and their
interactions in 3-way factorial ANOVA using aov (“stats” package)
procedure of R statistical language (version 3.3.1; The R Manuals. R
Foundation, Vienna, Austria). Slurry pH was analyzed using a submodel which did not include the manure storage eﬀect. In all analyses,
interaction terms were removed from the model if they were not statistically signiﬁcant. Changes in the C, N, and C:N ratio over the entire
storage period were analyzed for manure storage eﬀect tested at each
time point in linear mixed-eﬀect models with repeated measures (Time)
using lmer (“lme4” package) procedure of R statistical language. The
mixed-eﬀect model was:

Yijklm = μ + Mi + CPj + Fk + Tl + Pm + Mi × Tl + MT + eijklm,
where Y is the response of interest, μ is the overall mean, Mi is the ﬁxed
eﬀect of manure storage (i = 1–3), CPj is the ﬁxed eﬀect of dietary CP
content (j = 1–2), Fk is the ﬁxed eﬀect of dietary forage content
(k = 1–2), Tl is the ﬁxed eﬀect of time (l = 1–10), Pm is the random
eﬀect of manure pool (m = 1–3), Mi × Tl is the interactions between
manure storage and time, MT is the covariate of manure temperature,
and eijklm is the residual error. Similarly, changes in organic matter
(OM), neutral detergent ﬁber (NDF), and non-ﬁber carbohydrates
(NFC) over time were analyzed for manure storage eﬀect only for static
pile manure treatments. Data points with Studentized residuals outside
of ± 3.5 were considered outliers and were removed from analysis.
Statistically signiﬁcant diﬀerences were declared at P < 0.05.
In the greenhouse study, all data were analyzed using SAS statistical
software version 9.2 (SAS Institute Inc., 2008. SAS user’s guide:
Statistics. SAS Inst., Cary, NC). Statistical analyses of the data were
performed with a factorial analysis of variance (ANOVA) using the
PROC GLM (general linear models) procedure with dietary forage,
dietary CP, manure storage and their interactions as main eﬀects in the
model. Initial analysis indicated that there was no eﬀect of dietary CP
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Fig. 3. Changes in organic matter (OM; Panel A), neutral detergent ﬁber (NDF; Panel B),
and non-ﬁber carbohydrates (NFC; Panel B) over the entire storage period for the static
pile manure treatment. The error bars represent the 95% conﬁdence intervals.

Fig. 1. Moisture content (Panel A) and manure temperature (Panel B) over the entire
storage period for the diﬀerent manure storage treatments. Error bars represent the 95%
conﬁdence interval at each time point for each manure treatment.

function of pile size, increased microbial activity in larger piles could
generate more heat than what was seen here. The pH of the slurry
decreased over the ﬁrst four weeks from 7.5 to 7.2 and then remained
fairly stable over the duration of the storage period (Fig. 2). It is likely
that the loss of N as NH3 lead to a slight decrease in the pH as the
conversion of NH4 to NH3 is an acid producing reaction. It has been
shown that the greatest NH3 losses from manure storages occur within
the ﬁrst few weeks of storage (Petersen et al., 1998; Sommer et al.,
2001) and then level oﬀ. The changes in pH in the slurry treatments
followed a typical NH3 loss pattern.
The characteristics of the C in the solid manure treatment also
changed over time. Overall, OM as a percent of DM decreased (3.8%)
with time in the static pile treatments (Fig. 3a.) Luebbe et al. (2011)
reported an average OM loss of 37% in cattle manure that had been
static piled for 104-111 days. Manure NDF, composed mainly of lignin,
hemicellulose and cellulose, increased over the ﬁrst three weeks of
storage and then remained fairly constant (Fig. 3b). In contrast, manure
NFC, composed mainly of starch, simple sugars and soluble ﬁber, decreased over the ﬁrst three weeks of storage (Fig. 3c). This suggests that
over time as the simple C compounds are degraded the manure is
comprised of a more resistant C fraction when it is eventually land
applied. This change in C fraction can also eﬀect N mineralization and
crop utilization. For example, it has been demonstrated that there is a
negative relationship between NDF and utilization of N in barley
(Sørensen et al., 2003).
The changes in manure C and N were represented as a ratio of nutrient to ash content as the ash should be conserved during manure
storage; this allows examination of nutrient changes over time independent of losses of DM. The N: ash ratio over the storage period
decreased over the ﬁrst 3 weeks of storage and then leveled oﬀ for the
remaining time period (Fig. 4a). There was also a decrease in the total
C: ash ratio over the storage period, with the greatest decrease

Fig. 2. The pH of manure slurry over the entire storage period. Error bars represent the
95% conﬁdence interval at each time point.

treatment decreased by 19.4% over the storage period. The temperature
in both manure treatments decreased over time from approximately
25.5 to 10.5 °C and was within 5 °C of ambient air temperature over this
period (Fig. 1b). Initially, the slurry temperatures were slightly lower
than the solid manure treatment at weeks 3–6, which may be due to
enhanced microbial activity in the solid manure treatment generating
more heat than the slurry. Petersen et al. (1998) reported little heat
production in solid stacked (3 months) dairy cattle manure during the
spring or autumn with manure temperatures being, on average, within
3 °C of ambient air temperature suggesting little biodegradation activity. The lack of heat generation in the stacked manure may also be a
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Table 3
Main eﬀects of manure storage on mass reduction of carbon, nitrogen, and total solids.
Estimates (mean ± SD)
Manure Property
Carbon
Initial mass, kg
End mass, kg
Mass reduction‡, %
Nitrogen
Initial mass, kg
End mass, kg
Mass reduction, %
Total Solids
Initial mass, kg
End mass, kg
Mass reduction, %
†
‡

SL†

SP

8.0 ± 0.3
4.8 ± 0.8
40.4 ± 9.5b

8.2 ± 0.4
4.1 ± 0.9
50.4 ± 9.6a

0.50 ± 0.04
0.26 ± 0.04
46.8 ± 8.2a

0.53 ± 0.06
0.29 ± 0.07
45.0 ± 9.9a

19.2 ± 0.8
11.5 ± 1.7
40.0 ± 9.4a

18.9 ± 0.8
10.6 ± 2.3
44.3 ± 11.5a

SL = slurry, SP = static pile.
All pairwise contrasts were tested using Tukey multiple comparison.

range and are similar to the longer term storage losses of 47% seen in
studies with manure stored for 6 months. The mass loss of N over the
storage period was similar between the slurry (47%) and static pile
(45%) treatments. Literature values of N losses during storage of solid
cattle manure range from 7 to 39% (Petersen et al., 1998; Sommer,
2001; Larney et al., 2006, 2008; Larney and Olsen, 2006; Luebbe et al.,
2011). However, greater loss estimates have been reported. For example, Dewes et al. (1990) reported total losses of N from liquid cattle
manure stored for 180 days to range from 32 to 54%. It is important to
note that the solid manure in the literature studies would have also
included urine, and in many cases bedding, which could aﬀect overall N
losses. The values in the present study are close to the top end of the
literature estimates, but are in line with values for longer storage periods.
3.2. Plant nutrient utilization
As there was no eﬀect of diet but an eﬀect of storage on the manure
chemical composition at the end of the manure storage study, the
characteristics of the manure used in the greenhouse study are shown
by manure storage treatment only (Table 4). The manure DM ranged
from 36 g kg−1 in the slurry treatment to 269 g kg−1 in the static pile
treatment. The total N and C of the static pile treatment was 27 and
385 g kg−1, respectively. The majority of N in the static piled manure
was in an organic form (97% of total N) with < 1 g kg DM−1 as NO3-N
+ NH4-N. Literature values for% organic N in stockpiled manures range
from 68 to 97% (Petersen et al., 1998; Larney et al., 2006; Luebbe et al.,
2011; Moral et al., 2012; Shah et al., 2012). The slurry N and C
Fig. 4. Changes in the carbon (C; Panel A), nitrogen (N; Panel B), and carbon to nitrogen
(C: N; Panel C) ratio over the storage period for the manure storage treatments. Error bars
represent the 95% conﬁdence interval.

Table 4
Properties of manure used in the greenhouse study.
Estimates (mean ± SD)

occurring in the ﬁrst 3 weeks (Fig. 4b). The C:N ratio of the manures
was below 19 (Fig. 4c), suggesting that the N in these manures would be
more likely to mineralize than become immobilized once applied to
soils (Calderon et al., 2004). The slurry treatment had an increasing C:N
ratio over the ﬁrst 5 weeks after which it stabilized, while the solid
manure storage treatment had a decline in the C:N ratio over time. A
decline in C: N ratio during the composting of cattle manure has also
been observed in other studies (e.g., Larney and Olsen, 2006; Larney
et al., 2008).
The overall mass of C lost over the storage period was 10% greater
in the static piled manure compared to the slurry (Table 3). Literature
values of C losses during storage of solid cattle manure in static piles
range from 13 to 47%, with C losses increasing with storage length
(Petersen et al., 1998; Larney et al., 2006; Larney and Olsen, 2006;
Luebbe et al., 2011). The values from the present study fall within this

Static Pile

Slurry

DM , g kg
C, g kg DM−1
N, g kg DM−1
NH4-N g kg DM−1
NO3-N g kg DM−1
TAN, g kg DM-1
% IN of TN
C:N

269 ± 18
385 ± 5
26.6 ± 4
0.27 ± 0.11
0.64 ± 0.88
NA
3.3 ± 3.2
14.8 ± 2.1

36 ± 11
380 ± 2
35.0 ± 2
NA
NA
21 ± 2
60 ± 5
10.0 ± 1.9

N added, mg
C added, mg

337.5 ± 0
4976 ± 753

335.4 ± 5
3388 ± 750

a

−1

a
DM = dry matter, N = nitrogen, C = carbon, NH4-N = ammonium nitrogen, NO3N = nitrate nitrogen, TAN = total ammoniacal N, IN = inorganic nitrogen (nitrate
+ ammonium), TN = total nitrogen.
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Fig. 5. Soil nitrate (NO3), inorganic nitrogen (IN) and% IN of total nitrogen applied to soils following two weeks of incubation. Error bars represent the standard deviation of the mean.

concentrations on a DM basis were slightly higher in N (35 mg kg−1)
but similar in C (380 mg kg−1) compared to the static pile treatment. In
contrast to the static piled manure treatment, the majority of N in the
slurry was ammoniacal N (60% of total N) which is consistent with
literature values that range from 48 to 67% (Sørensen et al., 2003; Wu
and Powell, 2007; Powell and Grabber, 2009). The C: N ratios ranged
from 10 to 14.8, which is below the ratio where N immobilization in
soils amended with manures would be expected (Calderon et al., 2004).
The N added in the treatments was approximately 337 mg, while the C
added was lower for the slurry treatment (3388 mg) compared to the
static piled manure treatment (4976 mg).
Following two weeks of incubation, the soil NO3-N concentrations
were similar for the control, and static pile treatments (52–59 mg kg−1;
Fig. 5). The soil NO3-N concentration for the slurry treatment was 2.7
times this amount at 145 mg kg−1. As the soil NH4 concentrations were
very low at this point (< 3 mg kg−1) for both treatments, the total
inorganic N concentration (NO3-N plus NH4-N) was similar to that of
NO3-N. The amount of added N that was plant available after two weeks
of incubation was low in the stacked pile treatment (6%). However,
there was a large amount of plant available N in the slurry treatment,
with 70% of the added N being in a form that would be immediately
plant available.
As the average NH4-N content of the dairy slurries was 60% and this
N source can be readily converted to NO3 in soils, therefore, it is not
surprising that there was a large amount of NO3-N present at planting.
The lower C: N ratio of the slurry (10) compared to the solid manure
(14.8) should also enhance the mineralization of N in this treatment.
Jansen (1996) demonstrated a negative linear relationship between the
C: N ratio of soil amendments and the fraction of N that is mineralized.
The mineral fertilizer equivalent of dairy slurry applied to grassland
ﬁelds was also shown to be negatively correlated to the C: N ratio of the
slurry (Sørensen et al., 2003; Reijs et al., 2007). This high availability of
N in the slurry treatment indicates that slurry N may behave more similarly to fertilizer N as opposed to the solid manure treatment where N
may be slowly released over time. However, if this slurry N is not utilized quickly by the growing crops, it could be lost due to leaching
through the soil proﬁle, especially with irrigation, or lost as N2O due to
denitriﬁcation. As slurries tend to be applied either in early spring or
late fall when plant demand for N is low, this could indicate that
manure slurry may be a larger concern from a leaching standpoint than
solid manures.
Barley DM production was aﬀected by manure storage treatment
with the static pile having the highest DM production (5694 g DM,
Table 5). Both manure treatments had greater DM production than the
control (3750 mg). The N uptake was greater in both the static piled
(145 mg) and slurry (151 mg) treatments than the control (69 mg).
Overall the NUE was similar in the static pile and slurry treatment with

Table 5
Dry matter production, nitrogen uptake and nitrogen use eﬃciency (NUE) of barley in the
greenhouse study.
Treatment

DM†

N uptake

NUE, %

144.6 ± 8.9a
151.3 ± 8.0a
68.6 ± 6.1c

22.1 ± 2.6a
24.2 ± 2.1a

mg
Static Pile
Slurry
Control
†

5694 ± 247a
4681 ± 539b
3750 ± 580c

DM = dry matter, N = nitrogen, C = carbon, NUE = nitrogen use eﬃciency.

an average of 23% even though the slurry had greater soil IN at planting
compared to the solid manure treatment. These results are similar to
those found in the literature. Shah et al. (2016) reported a NUE of 29%
for stockpiled cattle manure stored for 5 months, which is similar to the
NUE found in the present study. Powell et al. (2006) reported N uptake
from dairy manure ranging from 4 to 21% for oats, sorghum and sorghum ratoon. While Powell and Grabber (2009) reported dairy slurry N
recoveries of 29 to 34% for spring applied slurry with corn.
4. Conclusions
Altering cattle diets to reduce enteric CH4 production and reduce N
excretion had very little eﬀect on manure physicochemical properties at
the start of the storage study. One exception to this was that manure
generated from low forage diets had lower NDF and greater NFC than
manure generated from high forage diets, with this diﬀerence persisting
throughout the storage period. There was a 10% greater mass reduction
of C in the static pile manure treatment vs the slurry treatment, while
there was no diﬀerence in mass losses of N. The soil N availability prior
to planting barley was 2.7 fold greater in the slurry treatment vs the
static pile treatment although this did not translate to greater DM
production or NUE in the slurry treatment. Due to the rapid release of
NO3 in the slurry treatment following land application, greater care
may be necessary in order to reduce potential losses of N due to
leaching of NO3 or gaseous losses of N2O via denitriﬁcation.
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Appendix A. Eﬀect of dietary forage and CP content on nitrogen (N) intake, and urinary and fecal N excretion in lactating cows from Niu
et al. (2016).

Foragea

Proteina

P-value

Item

HF

LF

HP

LP

SEb

Forage

Protein

Forage × Protein

Nc Intake, g/d
Urinary and fecal excretions
Urine output, kg/d
Urine N, g/d
% of N intake
Urea N, g/d
Fecal output, kg/d
Fecal N, g/d
% of N intake
Urinary and fecal N excretion, g/d
% of N intake

543

545

601

486

19

0.79

< 0.01

0.47

25.3
204
36.1
141
35.8
164
30.6
370
67.9

22.9
181
33.0
121
33.5
169
31.3
349
64.2

26.6
237
39.5
165
34.6
167
27.8
403
67.4

21.6
149
29.6
96
34.7
166
34.2
315
64.8

1.4
12
1.4
3.0
1.4
7
0.8
16
1.5

< 0.01
0.04
0.11
< 0.01
< 0.01
0.19
0.31
0.09
0.09

< 0.01
< 0.01
< 0.01
< 0.01
0.95
0.92
< 0.01
< 0.01
0.22

0.26
0.52
0.67
0.61
0.85
0.55
0.23
0.50
0.72

a
HF = high forage diet (53.3% forage of DM); LF = low forage diet (37.4% forage of DM); HP = high protein diet (18.5% CP of DM); LP = low
protein diet (15.2% CP of DM).
b
SE = standard error.
c
N = nitrogen.
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