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ARTICLE INFO ABSTRACT

Handling Editor: Giovanni Baiocchi Environmental impacts of livestock production systems are a global concern, because of the large greenhouse gas
(GHG) emissions and nitrogen (N) and phosphorus (P) losses associated with feed production and livestock
rearing. These losses are in part related to the system of livestock production and their feed rations and feed
origin. This study aims to investigate the economic and environmental impacts of optimizing feed configurations
of dairy farms in Inner Mongolia (China), using data from farm surveys, life cycle assessments and linear opti-
mization programming. The findings of our study reveal that feed optimization may lower carbon footprints by
36-44%, nitrogen footprints by 35-42%, and phosphorus footprints by 42-71%, compared to the baseline. The
need for cropland decreased by 11-38% per kilogram of milk, feed costs decreased by 15-48%, and net profit
increased by 39-129%. Further, we found a statistically significant negative correlation between environmental
footprints and feed self-sufficiency of dairy farms. Notably, energy-rich feeds, silage maize, and grass should be
grown on-farm. These findings underscore the potential of adjusting feed rations and origin to decrease envi-
ronmental footprints and enhance net profits of dairy farms. However, we observed several barriers to wide-
spread adoption of optimal feed rations and origin, which relate to land scarcity, high land rental costs, and lack
of trust and cooperation with nearby arable farms. Our research provides a scientific foundation for optimizing
feed rations and origins for diverse dairy systems to achieve improved environmental and economic
performance.
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1. Introduction Martin, 2015), leading to food-feed competition (Wang et al., 2022). It

has been indicated that optimizing feed and livestock production plays a

During the last few decades, specialized crop and livestock systems
have replaced mixed crop-livestock systems in many countries in the
world, including China (Garrett et al., 2020; Jin et al., 2020). This
transformation has led to a growing reliance on off-farm feed sources in
livestock production, accompanied by inefficient recycling of manure to
croplands where feed is produced, making specialized livestock sector a
major polluter of water and air (Bouwman et al., 2013). Livestock pro-
duction has also strongly increased in these countries, and feed pro-
duction has emerged as a main user of cropland and energy, with
significant environmental impacts (Halpern et al., 2022; Mueller and
Lassaletta, 2020; Poore and Nemecek, 2018). Feed consumption takes
47% of total cereal production in the world (FAO, 2023; Fukase and
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pivotal role in achieving some of the United Nations Sustainability
Development Goals (Poore and Nemecek, 2018; Sekaran et al., 2021).
Ruminants’ diets commonly consist for a great part of human-
inedible feedstuff (e.g., grasses, crop residues). Thereby, ruminants
can contribute positively to the total food supply and thus food security
(Eisler et al., 2014). Ruminants also hold the potential to enhance uti-
lization of straws, which is abundantly available in China, and thereby
may mitigate food-feed competition (Cheng et al., 2022). Dai et al.
(2023) found that an increasing use of straws and silage maize in
ruminant production is effective in reducing greenhouse gas (GHG)
emissions from feed production. This practice may also decrease feed
costs. Feed costs account for as much as 81% of the total cost of milk
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production in China currently (Geng et al., 2018). Feed costs are high in
China due to the scarcity of cropland and the heavy reliance on imported
feed (e.g., alfalfa, corn and soybean meal) and relatively large use of
concentrated feed (energy and protein rich feed) (Liu et al., 2018). As a
result, the cost of raw milk produced in China was 24-50% higher than
the price of imported (condensed) milk during recent years (Geng et al.,
2018).

The economic and environmental costs of feed rations depend on the
composition and origins of feedstuffs. Low-opportunity-cost feedstuff (e.
g., crop residues and by-products) has relatively low economic and
environmental costs, but the quality is often variable and low, and
availability is limited. Sourcing feedstuff from regions and countries
with productive socio-economic conditions and climate offers the op-
portunity to select high-quality feed at a relatively low cost. Thus,
feedstuff sourced from countries with a low environmental impact may
contribute to a 3% reduction of GHG and reactive nitrogen (Nr) emis-
sions from milk production in China (Du et al., 2018). However, the
costs and GHG emissions related to feed transportation increase as the
distance between the feed origin and the livestock farms increases. The
acquisition of externally sourced feed tends to amplify environmental
emissions, both in the regions where feed is cultivated and during its
transportation (Bai et al., 2018). Some dairy farms seek cooperation
with local arable farms and set up local forage cooperatives to increase
their feed autonomy, which may curtail the need for imported forages
and soybeans and concurrently reduce nitrogen (N) and phosphorus (P)
surpluses (Regan et al., 2017). Likewise, integrating silage maize culti-
vation and dairy breeding on a farm may diminish environmental im-
pacts of dairy production through increased feed self-sufficiency,
recycling of manure, reducing chemical fertilizer consumption, and
improving soil quality (Huang et al., 2021).

Intensive dairy production is a relatively recent phenomenon in
China, and it has been suggested that there is scope for improving feed
configurations, notably through optimized feed rations and feed origins
(Dai et al., 2023; Fang et al., 2023). Optimizing diet formulations has the
potential to reduce the feed costs in livestock production (Mackenzie
etal., 2016). Modelling studies suggest that optimizing feed composition
also has the potential to reduce the environmental impacts of dairy
production (Arndt et al., 2022; Ledgard et al., 2019). However, most of
these modelling studies did not consider the balance of supply and de-
mand of feed ingredients for providing specific diet formulations at farm
and regional levels, thereby risking misalignment between feed supply
and nutritional requirements of animals. Studies that examine adjust-
ments of the dietary composition should be conducted at farm-level, and
should incorporate various and different farms at regional level (Mar-
ques et al., 2022).

The dairy farming systems can be classified into three primary cat-
egories: landless specialized dairy system, mixed crop-dairy system, and
cooperative crop-dairy system (Asai et al., 2018). These farm types often
have unique diet formulations and feed origins. Specialized dairy farms
procure all feed from the market, whereas mixed crop-dairy systems rely
on a combination of on-farm and off-farm sources of feedstuff (Ma et al.,
2021). Cooperative crop-dairy farms access feedstuff from a triad of
sources: on-farm, contracted farms, and the market (Ma et al., 2022).
Within these three main dairy farm types, there can be a bewildering
diversity, which has to be considered when trying to optimize feed ra-
tions and origins. Thus, the decision-making process in the optimization
of feed rations and origins is complicated, because of the diversity of
dairy production systems and the large number of possible options.

Linear programming stands out as a comprehensive approach well-
suited to address the optimization of feed rations and origins for these
diverse systems as well as for analyzing trade-offs among a spectrum of
variables (e.g., profit, soil organic matter, labor, water efficiency, and
environmental impact) (Groot et al., 2012; Liang et al., 2018; Mosnier
et al., 2017). Nevertheless, existing studies have primarily centered on a
limited number of farms, often for the type of mixed crop-livestock
systems. Consequently, there exists a pressing need to explore the
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ramifications of feed optimization on the environmental and economic
performances across diverse livestock systems, especially for dairy
production.

Our study is geared towards enhancing quantitative understanding
of how feed configurations influence economic and environmental
performance of diverse dairy systems in Inner Mongolia (China). First,
we estimate optimal diet formulations and feed origins for three types of
dairy production systems to maximize net farm profits. Second, we
assess the impacts of implementing optimal feed configurations on both
the environmental footprints and economic gains of these dairy systems.
Third, we assess the relationships between feed self-sufficiency and the
environmental and economic performances of the dairy systems.

2. Materials and methods
2.1. Concept

The rations of dairy cattle were optimized under specified con-
straints. Thus, the supply of feed nutrients (including energy, crude
protein (CP), phosphorus (P), and calcium (Ca)) was tuned to the
nutrient requirements of dairy cattle to maximize the net farm profits,
while using the available feed and environmental footprints as con-
straints (Fig. 1).

Diets were composed of six distinct feed categories, i.e., energy feed,
protein feed, grass, straw, silage, and other feed. Feed origins were
classified as follows: on-farm cropland, nearby (i.e., within the county;
there are over 2000 counties in China) contracted crop farms, nearby
other crop farms, far away domestic sources, and overseas. Environ-
mental footprints of feed were estimated using Life Cycle Assessment
(LCA). We included the environmental costs of both input material
production (i.e., machinery, fertilizers, pesticides) and feed crop
cultivation.

Feed nutrient requirements were specified for different dairy cattle
categories, whilst considering weight gain, milk production, and main-
tenance cost, using literature values (NRC, 2001). In the linear pro-
gramming optimization process, we allocated the available feed supply
to various dairy cattle categories, while considering the nutritional
needs of the animals. The objective function was to maximize net farm
profits. Data were sourced from farm surveys, statistical offices, and
literature.

2.2. Study region and farm survey

The study was conducted in Hangjin Banner county in Inner
Mongolia, China (40°26"-41°13'N 106°34"-107°34'E). Hangjin Banner is
located in the agro-pastoral transitional zone of the Hetao Plain, which
has a temperate continental climate, with an annual average tempera-
ture of 7.2 °C, and a mean annual rainfall of 245 mm (Peng et al., 2018).
Mean cropland area was 0.35 ha per capita and mean grassland area was
0.003 ha per capita. There were 27,000 dairy cows in Hangjin Banner in
2019, mostly kept in large state-owned farms.

Activity data were collected in a farm survey with face-to-face in-
terviews (about 2 h each) using a structured questionnaire (see SI section
5). We visited 24 dairy farms, 45 specialized crop farms, which had
contracts with dairy farms for feed and manure exchange, and 69 other
specialized crop farms (without formal contracts), during the period of
January to June 2019. The visited dairy farms had 69% of all dairy cattle
in the study region. Three types of dairy farms were distinguished in the
study region, i.e., landless specialized dairy system (13 farms), mixed
crop-dairy system (7 farms), and cooperative crop-dairy system (4
farms), based on their feed sourcing (Fig. S1). Landless specialized dairy
systems purchased all feed from the market. In mixed crop-dairy sys-
tems, feed was sourced from on-farm cropland and market; average feed
self-sufficiency was only 8%, however. Cooperative crop-dairy systems
had formal contracts with specialized crop farms for the exchange of
feed and manure but in addition sourced feed from on-farm cropland
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Fig. 1. A simplified model framework of feed optimization model and environmental and economic performance in dairy systems. The arrows depict the direction of
information flow. Information as constraints to feed optimization model is sketched in the three boxes on the left. Results are shown in green boxes, which are
obtained through the optimization model. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

and markets. Means, standard deviations and ranges of animal produc-
tivity, resource use, feed sources, manure management, and environ-
mental footprints of dairy production of the three systems are shown in
Table S1.

2.3. Feed use optimization model

The optimization objective of the feed use optimization model was to
maximize net profits of dairy farms under a set of constraints, through
optimization of feed configurations (feed rations and origins). The main
constraints were (i) feed energy supply aligns with energy requirements
(Supplementary Information Section 1), (ii) feed CP, P, and Ca supplies
matches with corresponding nutritional needs (minima and maxima
(Table S2)), (iii) minima and maxima of feed categories (Table S2), and
(iv) required cropland areas, Nr emissions, P losses, and GHG emissions
were below baseline values. These constraints are detailed in the Sup-
plementary Information Section 3.

The decision variables within the feed optimization model encom-
pass both feed rations and feed origins. Feed rations relate to types and
quantities of various feed categories. Main crop types in Hangjin Banner
are wheat, maize, silage maize, soybeans, sunflowers, forage crops,
vegetables, and fruit. The combined acreage allocated to wheat, maize,
and sunflowers constituted 83% of the total cropland area, vegetables
and fruits covered 16%, and forage crops (e.g., oat grass, alfalfa) rep-
resented only 1%. Thus, the available feedstuff produced in Hangjin
Banner predominantly consisted of wheat bran and wheat straw, maize
and maize straw, silage maize, soybean meal, sunflower straw, alfalfa,
and oat grass. We selected 27 feed types (out of the 127 possible options
in the Chinese feed database), based on data from the farm survey and

literature (Dai et al., 2023; Hou et al., 2016; Notte et al., 2020; van
Calker et al., 2004). These feed types were grouped into six different
feed categories, encompassing energy-rich feedstuff (maize, oats, wheat
bran, rice bran, soybean oil, sugar beet pulp, honey), protein-rich
feedstuff (soybeans, soybean meal, distillers dried grains with solubles
(DDGS), corn protein flour, sunflower meal, rapeseed meal, cottonseed
meal, whole cottonseed, and peanut meal), grass (alfalfa, oat grass,
Leymus chinensis), straw (maize straw, wheat straw, and sunflower
straw), silage maize, and other feeds (vegetables, fruits, and milk).
Concentrated feed included energy-rich and protein-rich feedstuff.
Roughages included grass, straw, and silage maize.

Three categories of feed origins were distinguished, i.e., (i) on-farm
grown feed, (ii) feed from contracted crop farms, and (iii) feed pur-
chased from the market (feed procurement from nearby crop farms
within the study region (i.e., Hangjin Banner county), other counties/
provinces within China, and overseas). Local feed includes feed from on-
farm, contracted farms, and nearby other crop farms in Hangjin Banner.

2.4. Calculation of net farm profits

Net farm profits were determined by deducting the farm costs from
the farm revenues. Farm revenues are the receipts from the sale of milk,
animals, crops, and manure, and farm costs relate to expenses for feed
production and feed purchase, manure transportation, and other costs
(including for buildings, labor, veterinary, machines, and energy). On-
farm feed production costs comprise costs of seeds, synthetic fertil-
izers, pesticides, plastic film, labor, machinery use, irrigation, and land
rent. The costs of manure transportation are expenses linked to the
transport of manure from dairy farms to cropland. We assumed that
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liquid manure was transported over relatively short distances only, and
solid manure over longer distances, depending on the proximity of
available cropland. Feed prices and nutrient contents of feedstuff were
sourced from literature (Table S3). Data related to transportation costs
are given in Table S4.

2.5. Calculation of environmental footprints

For the calculation of environmental footprints, dairy production
was divided into seven subsystems (Fig. S3), i.e., resource production
(manufacturing of synthetic fertilizers, pesticides, and plastic film), feed
crop production, enteric fermentation (Eq. (1)), manure management,
manure application, soil organic carbon (SOC) change of cropland (Eq.
(2)), and energy consumption.

GHGyr = (GE x Yp,) =55:65 x 28 @

AVOidsac = Mcmanure to field T Mcunderground root + MCstraw to field (2)
x9:7 100 x 44 12

Where, GHGgr (kg CO2-eq farm™! yr’l) indicates GHG emissions of
enteric fermentation, GE (MJ farm ™! yr~!) indicates gross energy intake,
and Y, (%) is the methane conversion factor assumed as 6.5% of ru-
minants. The energy content of methane was defined as 55.65 MJ kg !
CH4. Further, Avoid;,. (kg) means avoidance of CO2 emissions by soil
organic carbon sequestration. MCanure to fietld (Kg) is the carbon mass in
manure returned to field. MCynderground root (kg) is the carbon seques-
tration via the underground roots. MCgyaw to fiela (kg) is the carbon
sequestration via straw returned to field. The factor 9.7 represents the
emission reduction potential in 100 years in percent (Petersen et al.,
2013).

Carbon (C), nitrogen (N), phosphorus (P), and cropland area foot-
prints of dairy production were assessed using LCA. The C footprint was
based on GHG emissions, including CO3, methane (CHy4), and nitrous
oxide (N2O) emissions. The carbon dioxide equivalent (CO2-eq) of CHy4
was set at 28 COz-eq and N2O at 265 COz-eq (IPCC, 2019). The N
footprint was expressed in Nr emissions, which comprised N emissions
released into the air (NHs, N2O, and NOy) and N compounds entering
water bodies (N losses due to erosion, runoff, and leaching). The P
footprint was based on the P losses via erosion, runoff, and leaching. The
cropland footprint refers to the cropland area needed to produce 1 kg of
fat and protein corrected milk (FPCM). The environmental footprints per
unit of FPCM were calculated as the total environmental emissions
resulting from dairy production divided by the annual milk yield of the
livestock farms.

Emission factors for resource production and energy consumption
were derived from the Ecoinvent 3.3 database within SimaPro 8 soft-
ware. Data concerning the environmental footprints of feed crop pro-
duction were calculated using information from farm surveys and
statistical data sourced from the National Development and Reform
Commission in China. Emission factors for environmental footprints in
feed crop production were obtained from the NUFER model (Ma et al.,
2013). Details regarding manure management and application,
including housing and storage types, storage durations, treatment
methods, and application techniques, were gathered from the farm
survey. Emissions factors for C, N, and P during manure management
and manure application were extracted from literature (Hou et al., 2015,
2017). Further details are presented in Supplementary Information
Section 2.

We used 1 kg of FPCM as the functional unit. FPCM is calculated from
the raw milk production and the fat and protein contents of the milk (Eq.
(3)) (IDF, 2015), i.e.,

FPCM (kg) = raw milk (kg) x (0.1226 x fat (%) + 0.0776 x protein (%)
+ 0.2534) 3)

We attributed environmental footprints to milk production and its
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co-products (e.g., sold calves and cows, sold manure, and sold crop
products) based on their economic values in each dairy farm (Table S5).
Crop cultivation either results in feedstuff and by-products (e.g., maize
grain and maize straw) or in entire crops suitable for use as feed (e.g.,
silage maize and alfalfa). The environmental footprints associated with
the production, processing, and transportation of these feed crops were
allocated to the primary products and by-products, based on their
respective economic values (Table S6) (Meul et al., 2012).

2.6. Scenarios

We chose landless specialized dairy production as the only baseline
(or reference) for the optimization of feed use because these farms are
dominant in Hangjin Banner in Inner Mongolia, China (CAHV, China
Animal Husbandry and Veterinary Yearbook Editorial Committee, 2020;
HHBS, Hangjin Houqi Bureau of Statistics, 2020; Wang et al., 2022).
Moreover, using one reference facilitates comparison, but we discuss the
possibilities and implications of using farm-type specific baselines in the
Discussion section. The feed optimization scenarios were made for
specialized dairy farms (S1), mixed crop-dairy farms (S2), and cooper-
ative crop-dairy farms (S3). We assumed that animal performance and
health remained constant across baseline and S1 to S3 scenarios,
following the optimization of feed rations and origins. This assumption
was made because the feed optimization considers the nutritional re-
quirements of the animals. The predefined constraints encapsulate
several crucial elements for all scenarios: 1) ensuring that feed energy
supply matches animal energy requirements; 2) aligning feed nutrient
supply with animal nutrient requirements; 3) imposing constraints on
the minimum and maximum utilization of feed categories for various
dairy cow stages; 4) imposing limitations on the minimum and
maximum utilization of roughage and concentrated feed for different
dairy cow stages; and 5) constraining environmental footprints to levels
lower than those observed in the baseline scenario. Additional details
regarding these constraints are presented in Supplementary Information
sections 3.1 through 3.5.

In addition, we introduced specific constraints related to on-farm
cropland areas in scenarios S2 and S3 to explore the effects of feed
self-sufficiency on the environmental and economic performances of
dairy production (Fig. 1 and Table S7). Further information about the
scenarios is provided below.

2.6.1. Baseline scenario

The baseline scenario is based on the averaged data collected from
the surveyed landless specialized dairy farms (Table S1). These farms
had on average 685 cattle, i.e., 427 lactating and dry cows, 160 heifers,
and 98 calves. Annual milk production was 3730 tons of FPCM per year,
and milk price was 3.3 CNY per kg FPCM. These farms relied on pur-
chased feedstuff. 20% of the manure was discharged and 80% was sold
to local specialized crop farms (Table S7). Details of the feed formula,
feed origins, and dry matter intake are provided in Table S8.

2.6.2. Feed optimization on specialized dairy farm (S1)

The scenario (S1) refers to the optimization of feed configurations for
landless specialized dairy farms under a set of predefined constraints to
maximize net farm profits. Feed origins in S1 include other local crop
farms, mainland China (domestic feed), and overseas. Manure man-
agement was the same as in the baseline scenario.

2.6.3. Feed optimization on mixed crop-dairy farm (S2)

This scenario (S2) refers to the optimization of feed configurations
within mixed crop-dairy systems under a set of predefined constraints to
maximize farm profits. Feed sources include on-farm cropland, other
local crop farms, domestic sources, and overseas suppliers. Manure is
returned to on-farm cropland and nearby crop farms.
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2.6.4. Feed optimization on cooperative crop-dairy farm (S3)

This scenario (S3) refers to the optimization of feed configurations
within cooperative crop-dairy systems under a set of constraints to
maximize farm profits. The area of contracted cropland varies, allowing
for a diverse array of feed origins, including on-farm cropland, con-
tracted crop farms, other local crop farms, domestic, and overseas. All
manure is returned to either on-farm cropland or to contracted crop
farms.

2.7. Numerical implementation

All LCA and cost-benefit calculations were executed using GAMS
programming software. The optimization model (linear programming,
LP) was also programmed in GAMS software. Linear regression analysis
was used to explore relationships between feed self-sufficiency (the ratio
of feed dry matter from on-farm cropland to total dry matter intake) in
dairy production and environmental and economic performances. The
coefficient of determination (R%) was employed to quantify the strength
of this relationship, with a statistical significance level set at 0.05. Sta-
tistical analyses were performed using SPSS Statistics 22.

For a better understanding of how specific constraints and critical
factors influenced outcomes, a series of sensitivity analyses were carried
out. Within these analyses, we systematically relaxed or enhanced
constraints and made adjustments to certain parameters, including feed
price variations, total feed energy, protein production, and emission
factors (see Supplementary Information Section 4).

3. Results
3.1. Feed configurations

In the baseline scenario (surveyed data), the feed energy exceeded
animal requirements by 17-23% for lactating and dry cows, and feed CP
contents were 14-34% higher than animal requirements. Optimal diets
in scenarios S1-S3 (calculated data) had a decreased CP content and dry
matter intake (DMI) compared to the baseline scenario; feed consump-
tion per kg FPCM was about 22% lower because feed energy supply was
tuned to feed energy requirements (Table 1). Especially the proportion
of protein and silage feed decreased and the proportion of grass
increased in the feed optimization scenarios. Within the protein feed
sources, there was a shift from soybean meal (61%) and whole cotton-
seed (39%) to rapeseed meal and peanut meal in S1-S3. The proportion
of Leymus chinensis increased at the expense of oat grass.

The local feed supply increased by 4%, 36%, and 50% in S1, S2, and
S3, respectively, compared to the baseline scenario, whilst the propor-
tion of overseas feed in the diet decreased (Table 1). The on-farm
cropland area increased to 186 ha in S2 and to 142 ha in S3, and the
contracted roughage crops area increased by 27 ha in S3.

3.2. Environmental footprints

The feed optimization scenarios (S1-S3) had 36-44% less GHG
emissions, 35-42% lower Nr emissions, 42-71% lower P footprint, and
11-38% lower land occupation than the baseline scenario when
expressed per kg FPCM (Figs. 2 and 3). The lower net GHG emissions in
S1 is primarily due to a reduction in resource production and enteric
fermentation. In S2, GHG emissions from feed crop production were
reduced by 7.2% and by 3.2% as a result of soil carbon sequestration,
when compared to S1 (note, we assumed that soil carbon loss through
mineralization of the organic matter already present in the soil was
constant for all scenarios; thus, we only considered the net additions). In
S3, GHG emissions further decreased by 2.5% in resource production
and by 1.9% in feed crop production, when compared to S2. Emissions of
Nr also decreased in S1-S3, mainly due to changes in manure manage-
ment and feed crop production. The P footprint decreased mainly
because of the changes in manure management and resource
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Table 1

Characteristics of feed rations and origins in the baseline and S1-S3.
Item unit Baseline S1 S2 S3
Dry matter intake per day
Calve kg day ! 3.7 3.6 4.6 4.3
Heifer kg day ! 9.1 6.3 6.6 6.6
Lactating cow kg day ! 21.5 18.3 17.8 18.4
Dry cow kg day ! 12.2 7.6 7.0 7.0
Production characteristics
Feed-to-milk conversion ratio® kg kg ! 1.13 0.84 0.83 0.83
Manure recycle ratio® % 0 0 100 100
On-farm land area ha 0 0 186 142
Feed types per FPCM (based on dry matter)
Maize kg kg ! 0.27 0.15 0.32 032
Oat kg kg~ ! 0 0.17 n.a. n.a.
Wheat bran kg kg ! 0.03 0.001 0.03 0.03
Rice bran kg kg ! 0 0.08 n.a. n.a.
Sugar beet pulp kg kg~! 0.06 n.a. n.a. n.a.
Soybean meal kg kg ! 0.07 n.a. n.a. n.a.
Cottonseed kg kg ! 0.04 n.a. n.a. n.a.
Rapeseed meal kg kg™ 0 0.07 0.02 0.02
Peanut meal kg kg ! 0 0.01 0.06  0.06
Alfalfa kg kg ! 0.12 010 016 0.16
Leymus chinensis kg kg™ 0 0.14 0.12 0.12
Oat grass kg kg ! 0.04 n.a. n.a. n.a.
Maize straw kg kg ! 0.05 0.08 0.08  0.08
Wheat straw kg kg ! 0.06 n.a. n.a. n.a.
Silage maize kg kg ™! 0.31 0.04 0.04 0.04
Others kg kg™t 0.02 na. n.a. na.
Feed categories per FPCM (based on dry matter)
Energy feed kg kg ™! 0.36 0.35 0.35 0.38
Protein feed kg kg ! 0.11 0.08 0.08 0.08
Grass kg kg! 0.16 0.27 0.27 0.25
Straw kg kg ! 0.11 0.08 0.08  0.08
Silage feed kg kg ! 0.31 0.06 0.05 0.04
Other kg kg ! 0.02 na. n.a. n.a.
Feed origins per FPCM (based on dry matter)
On-farm kg kg ™! 0 0 0.72  0.60
Contracted farms kg kg ! 0 0 0 0.15
Local other crop farms kg kg ! 0.55 0.58 0.03 0
Domestic feed kg kg ! 0.33 0.15 0.08 0.08
Overseas feed kg kg ! 0.19 0.11 0 0
Energy supply
Calves MJday ! 24 28 28 28
Heifers MJday ! 60 49 49 49
Lactating cow MJday ! 161 137 137 137
Dry cow MJday! 76 50 50 50
Feed crude protein content
Calves % 14 17 17 17
Heifers % 11 17 16 16
Lactating cow % 18 15 15 15
Dry cow % 13 10 10 10
Feed phosphorus content
Calves % 0.42 0.42 0.42 0.42
Heifers % 0.31 0.31 0.31 0.31
Lactating cow % 0.35 0.35 0.35 0.35
Dry cow % 0.31 0.31 0.31 0.31

Note: FPCM means fat and protein corrected milk. a: Feed to milk conversion
ratio indicates the dry matter intake of feed per kg FPCM. b: manure recycle ratio
means the ratio of manure return to on-farm cropland amount to manure
application (%). n.a. means not applicable. Baseline refers to the surveyed
landless specialized dairy farms. S1 represents the scenario for feed optimization
on specialized dairy farm, S2 represents the scenario for feed optimization on
mixed crop-dairy farm, and S3 indicates the scenario for feed optimization on
cooperative crop-dairy farm.

production. Further, the proportion of land used to produce silage maize
decreased whilst the area of cropland used to produce grass increased in
the S2 and S3 scenarios (Fig. 3b).

Compared to the baseline scenario, S1-S3 reduced the environ-
mental footprints, because the proportion of feed sources from far away
in the diet decreased. Conversely, the proportion of on-farm feed and
contracted feed increased. However, GHG and Nr emissions from energy
feed increased by 6%. Likewise, the environmental footprints of silage,
protein feed, energy feed, and straw were lower in S2 and S3 than in the
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Fig. 2. Greenhouse gas (GHG) emissions (a), reactive nitrogen (Nr) emissions (b), and phosphorus footprints (c) per kg FPCM in baseline and S1-S3. Bars of different
scenarios indicates environmental footprints in milk production, and bars between scenarios reflects the environmental mitigation contribution of each subsystem.
Baseline refers to surveyed landless specialized dairy farm. S1 represents the scenario for feed optimization on specialized dairy farm, S2 represents the scenario for
feed optimization on mixed crop-dairy farm, and S3 indicates the scenario for feed optimization on cooperative crop-dairy farm.

baseline scenario (Fig. 3 and Fig. S5).

3.3. Economic performances

Net farm profits per kg FPCM increased by 39-129% in scenarios S1
to S3 compared to the baseline scenario, mainly because of the 15-48%
lower feed costs. S2 has the highest net farm profits (1.84 CNY kg
FPCM™ D) (Fig. 4). Costs of domestic and overseas feed sources in S1
decreased by 34% and 3% compared to the baseline scenario.
Conversely, costs of on-farm-produced feed increased. In S1-S3, feed

costs for energy feed, protein feed, and silage decreased by 9-25%
compared to the baseline scenario, while feed costs of grass increased by
4-5%.

3.4. Impact of changes in feed self-sufficiency

There was a statistically significant negative correlation between
environmental footprints and feed self-sufficiency (Fig. 5). As feed self-
sufficiency increased, environmental footprints of C, N, P, and land use
per kg FPCM decreased. However, when feed self-sufficiency reached
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Fig. 5. Relationships between feed self-sufficiency and greenhouse gas (GHG) emissions (a), reactive nitrogen (Nr) emissions (b), phosphorus footprints (PF) (c), and
cropland use (d) in LS2 and LS3. Orange and blue dots represent LS2 and LS3. Relationships between feed self-sufficiency and feed origins of land use in LS2 (e) and
LS3 (f). LS2 and LS3 means feed configurations scheme in S2 and S3 with the changed area of on-farm cropland. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

approximately 40%, environmental footprint reached a minimum. The
proportion of overseas feed decreased to zero when feed self-sufficiency
reached a level of around 75% in S2 and 60% in S3 (Fig. 5e and f).
Increasing the proportion of on-farm produced feed decreased total
feed costs and increased net farm profits (Fig. 6). There was a positive
correlation between feed self-sufficiency and net farm profits, and a
negative correlation with feed costs in S2 and S3, indicating the domi-
nance of feed costs on the economic performances of dairy farming.
Corn maize, silage maize, grass (including alfalfa and Leymus chi-
nensis), and to a lesser extent wheat was selected for on-farm feed
production. An economic optimum was reached when feed self-
sufficiency increased to 87% and 72%, and on-farm cropland to 186
ha and 142 ha in S2 and S3, respectively, because feed costs did not
decrease further (Fig. 7). It is noteworthy that (within the present

planting structure), the availability of maize, wheat, and straw suffices
to fulfill the dietary needs of dairy cows, but that the supply of alfalfa
falls short of meeting the dietary requirements of dairy cows
(Table S19).

4. Discussion
4.1. Optimizing diet formulations on landless dairy farms

Our results indicate that the landless dairy farms in Hangjin Banner
in Inner Mongolia used more feed energy and protein for the production
of milk than formal guidelines prescribe. Farmers reported that they fed
lactating dairy cows ad libitum and usually 5-10% more than cows
needed. The leftovers were removed regularly composted and returned



Y. Ma et al.

-RXUQDO RI &0OHDQHU 3URGXFWLRQ

Fig. 6. Relationships between feed self-sufficiency and farm net profit (d), feed cost (d) in LS2 and LS3. Orange and blue dots represent land use change of LS2 and
LS3 in dairy cattle farms. LS2 and LS3 means feed configurations scheme in S2 and S3 with the changed area of on-farm cropland. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Relationships between area of on-farm cropland, feed self-sufficiency and crop types in LS2 (a, c¢) and LS3 (b, d). LS2 and LS3 means feed configurations
scheme in S2 and S3 with the changed area of on-farm cropland. S2 represents the scenario for feed optimization on mixed crop-dairy farm, and S3 indicates the

scenario for feed optimization on cooperative crop-dairy farm.

to the cropland. Thus, optimizing feed rations for the landless dairy
farms in scenario S1 decreased feed consumption per kg FPCM by 22%,
the associated GHG emissions by 36%, Nr emissions by 35%, P footprint
by 42%, and the required cropland for feed production by 11%,
compared to the baseline (Table 1, Figs. 2 and 3).

It is well-known that optimizing the feed rations of dairy cattle may

reduce GHG emissions (Marques et al., 2022; Mosnier et al., 2017). The
diet formulations in S1 better matched the feed nutrient requirements of
the dairy cattle for the various production stages compared to the
baseline scenario, which resulted in a higher feed use efficiency per kg of
FPCM. Thus, balancing feed energy supply to feed energy demand leads
to lower environmental impacts, mainly due to lower emissions from
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feed crop production and enteric fermentation (Garcia-Launay et al.,
2018; Marques et al., 2022).

The optimal diet formulations in S1 reduced the N and P intake by
lactating cows, which resulted in decreased N and P excretion in urine
and feces, and less emissions of Nr and P from manure management.
Thus, reducing the CP content of the diet decreased the NH3 emissions
from the housing, storage, and manure application stages of manure
management (Sajeev et al., 2017). Reducing the feed dry matter supply
may reduce also the GHG emissions from enteric fermentation (and from
composting of excess feed). In the case of less feed intake, the amounts of
carbon in the excreted manure also decreased, and thus less organic
carbon in manure was applied to cropland, which resulted in less soil
carbon sequestration in S1. There was a positive correlation between
feed dry matter intake, manure production, and soil organic matter
sequestration, as noted before (Cortez-Arriola et al., 2016; Xia et al.,
2017).

The optimal diets in our study depended on the optimization
objective (maximizing net farm profits) and the set environmental
footprint constraints. In S1, the proportions of grass and energy feed
increased and the proportions of protein feed and silage maize decreased
compared to the baseline scenario. These results align with those of
Marques et al. (2022) but differ from those of Liang et al. (2018), who
used more silage maize and beet pulp in optimal feed formula, because
of different environmental constraints. Emissions of GHG from the
production of protein feed (e.g., soybean meal) are higher than those
from grass (e.g., alfalfa) (Liu et al., 2017; van Zanten et al., 2015), which
explains that reducing the proportion of purchased protein feed and
increasing the proportion of on-farm-produced roughages in the diets
reduced GHG emissions. The production of 1 kg of rapeseed meal
(0.78-2.32 m?) and peanut meal (0.22-0.54 m?) requires less cropland
compared to soybean meal (1.52-3.42 m2). As a result, the substitution
of soybean meal with rapeseed meal and peanut meal in S1 exhibited
lower land use footprints than the baseline scenario. Further, oats in the
diet were cheaper than maize and rapeseed and peanut meals were
cheaper than soybean meal (ASAA, 2022). These findings underscore the
importance of optimizing diet formulations to decrease the environ-
mental footprints and increase net farm profits in dairy production.

4.2. Optimizing feed origins

Current dairy farms in Hangjin Banner in Inner Mongolia source the
required feed from different places, because they have little on-farm
cropland. Results of scenarios S2 and S3 indicate that increasing the
on-farm cropland area increased net farm profits and decreased envi-
ronmental footprints (Figs. 5 and 6). Increasing feed self-sufficiency
makes feed imports from overseas ultimately redundant and decreases
the environmental footprints of the feed (Hemanatha and Romy, 2018).
More on-farm cropland facilitates manure utilization and leads to more
soil organic carbon sequestration (Liang et al., 2018). At the same time,
the need for synthetic fertilizers and emissions of NHs and N,O will
decrease due to the partial substitution of synthetic fertilizers by manure
(Zhang et al., 2020). Reintegration of crop and livestock production
systems may be also effective in reducing nitrate pollution of surface
waters (Garnier et al., 2016). Increased recycling of manure to cropland
and the prohibition of manure discharge to landfills and surface waters
can also significantly reduce GHG emissions and N losses (Fan et al.,
2018). The optimization of feed origins in S2 leads to more efficient use
of manure and less fertilizer use and thus aligns with the policy aimed at
achieving zero growth in synthetic fertilizer use (MARA, Ministry of
Agriculture and Rural Affairs, 2015).

Cooperation with specialized crop farms through contracting crop-
land for feed and manure exchange in scenario S3 decreased the envi-
ronmental footprints of dairy production, when compared to S1 and S2.
The feed produced by the specialized crop farms had relatively low
environmental footprints due to superior crop management and
agronomy practices. This validates our previous research findings that
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cooperation between specialized livestock and specialized crop farms
can reduce environmental footprints in dairy production (Ma et al.,
2022). However, the price of feed from contracted farms in S3 was
higher than that from on-farm cultivation; as a result, net farm profit was
lower in S3 than in S2 (Fig. 5).

Our findings also reveal that increasing feed self-sufficiency in dairy
farms can lead to decreased feed costs and increased net farm profits
(Fig. 7). An increased feed self-sufficiency reduces the need for import of
feed from overseas (Cortez-Arriola et al., 2016). Environmental foot-
prints decreased until a feed self-sufficiency of about 80-90% (Fig. 5).
Increasing feed self-sufficiency results in more diverse on-farm crop
cultivation, which increases biodiversity (Hemanatha and Romy, 2018),
and can boost profitability by producing high-value cash crops (Liang
etal., 2018). Furthermore, augmenting feed self-sufficiency within dairy
farms holds the potential to catalyze adjustments in crop cultivation
structure, thereby expanding forage acreage and implementing corn-oat
rotation (HBGO, 2022).

Emissions of GHG (1.2-1.4 kg CO2-eq) and Nr (13-15 g N) per kg
FPCM of the optimized feed formulations in S2 and S3 were still higher
than the average emission values for dairy production in the European
Union (1.3 kg COz-eq and 9 g N, respectively) (Leip et al., 2015; Les-
schen et al., 2011). The differences in Nr emissions are notably large,
which is probably related to both the implementation of strict nutrient
management regulations in the European Union (Kuhn et al., 2018,
2019; Oenema et al., 2009) and the relatively large N fertilizer use and
poor manure management in China (Bai et al., 2016; Schulte-Uebbing
et al., 2022). Thus, improving feed formulations alone may not be suf-
ficient for achieving the desired level of environmental and economic
performances in dairy farming in China. Instead, a multifaceted
approach encompassing improved soil management, crop production,
dairy production, and manure management is needed to achieve low
environmental footprints.

4.3. Sensitivity analyses

The feed optimization scenarios rely on many parameters whose
values have uncertainties, which may affect the outcome of our study.
The influence of feed optimization on environmental and economic
performance within individual dairy farms exhibits a variation of
—3.22%-7.38% compared to S1-S3 based on only baseline scenario
(Table S20). Therefore, by anchoring the analysis to a baseline scenario,
the ramifications of optimizing