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Abstract

Livestock husbandry is a primary anthropogenic source of global greenhouse gas (GHG) emissions. The Qinghai-
Tibetan Plateau (QTP), an important geography for animal husbandry in China, and is therefore a significant
contributor to the global GHG budget. Therefore, this study employs the life cycle assessment method to
comprehensively assess the effect of yak grazing on GHG balance and enhance our understanding and monitoring
of GHG budgeting in the alpine ecosystem. The results show that yak grazing alters the GHG balance of alpine
meadow ecosystems from sink to source (Critical value = 1.3 yak/ha). Sequestration of CO, in soil organic matter is
the most significant contributor to the GHG balance in both grazed and ungrazed grassland. In grazed grassland,
enteric fermentation and livestock manure and its management (dung and urine patches, manure heaps, night
pens, and dry stored manure combustion) are important contributors to the total GHG balance, where
implementing mitigation practices that target reductions of enteric fermentation and improve manure management
can help to alleviate these emissions. Due to the unique geographical and biophysical environment of the QTP,
solar and wind energy are viable emission-free alternatives to dry manure consumption, and livestock enclosure
has the potential to restore soil organic carbon stocks by increasing sequestration of atmospheric CO,. In
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conclusion, our findings suggest that successful implementation of targeted emission reduction measures is
conducive to the sustainable development of animal husbandry, while also maintaining a balance with ecosystem
functions under the multifaceted ecological landscape of QTP.

Keywords: Greenhouse gas, global warming potential, life cycle assessment, yak grazing farm, Qinghai-Tibet
Plateau

INTRODUCTION

Global livestock husbandry - both extensive and intensive - is a major source of greenhouse gas (GHG)
emissions, including carbon dioxide (CO,), methane (CH,), and nitrous oxide (N,O). It is contributing an
estimated 18% of global anthropogenic GHG emissions'".. Meanwhile, the increasing demand for meat,
milk, and wool products has driven the rapid expansion of livestock husbandry, especially in developing
countries, further increasing global GHG concentrations™’. Consequently, GHG emissions from livestock
husbandry have received worldwide attention'. Similarly, many field-level studies on GHG budgets of
European agroecosystems, particularly those focusing on intensive and semi-intensive grasslands, report
similar trends®”. This approach has also been applied to diverse landscapes worldwide, including
agricultural fields and undisturbed sites in the Middle East and Northeast United States, and temperate
steppe pastures under medium and heavy grazing in both the United States and Inner Mongolia, China™".

The extent to which livestock farming contributes to GHG emissions in high-altitude grassland ecosystems
is still largely unexplored.

The Qinghai-Tibetan Plateau (QTP) is the highest (more than 4,000 m above sea level) and largest grassland
area of both the Eurasian continent and Chinal. It plays a crucial role in the livestock industry"”. Yaks (Bos
grunniens) and Tibetan sheep (Ovis aries) are the two major ruminant species that play an important role in
the Tibetan range, and due to their strong adaptability and productive performance"'. There are
approximately 13 million domestic yaks and 50 million Tibetan sheep grazing on the QTP"?. Furthermore,
recent trends indicate a consistent increase in livestock numbers on the QTP, driven by growing market
demands and government support for pastoralist livelihoods. This escalating grazing intensity poses a
significant threat to these fragile alpine ecosystems, underscoring the urgent need to quantify its climatic
impacts'”. Additionally, QTP is an ecological functional zone and provides ecological security for China and
Asia due to its unique geographical location and climate characteristics"”. Grasslands are distributed widely
across the high plains and mountains of the QTP, and they cover the source areas of many major Asian
rivers (i.e., the Yangtze River, the Yellow River and the Lan Cang River). Approximately 40% of the world’s
population depends on or is influenced by these rivers'!. Therefore, QTP plays a critical role in both
China’s animal production and Asia’s broader environmental stability""”. It has been an extensive reservoir
of soil carbon for the past several thousand years due to its slow soil decomposition rates and relatively
favorable photosynthetic conditions compared with cold, high-latitude ecosystems"?.

In addition to being a fundamental forage supply for livestock, the alpine grasslands of QTP are also of
paramount importance in regulating the global GHG budget"”. The escalating demand for animal products
has resulted in higher stocking rates on the native alpine grasslands®. A primary consequence of
overgrazing is the widespread degradation of the grassland ecosystem, which severely influences livestock
management and alters the dynamics of GHG fluxes, including CO,, CH,, and N,0"". Although grazing-
induced grassland degradation and associated carbon loss are global concerns in high-altitude regions, the
mechanisms and magnitudes underlying them can vary significantly across diverse ecological conditions.
For instance, in the European Alps, long-term historical grazing has led to more stabilized, albeit often
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species-poor ecosystems, where management focuses on maintaining biodiversity alongside carbon
storage""”. In contrast, the Andes, with its complex topography and diverse traditional pastoral systems,
exhibits highly variable carbon dynamics that depend on specific practices and local climate™. QTP,
however, is characterized by its extreme elevation, low temperatures, and relatively short growing season,
which may expose its soil carbon pools to be particularly vulnerable to recent climates and rapid increase in
grazing pressure. The typical alpine grassland soil is a natural carbon sink that can sequester atmospheric
CO, and oxidize CH,, but the soil has a strong potential to emit GHG if excessively grazed. The key GHG
emission sources from alpine grassland animal husbandry on the QTP have been widely investigated in
previous studies, i.e., enteric CH, emission from ruminant livestock®, CH, and N,O emissions from
livestock dung and urine patches deposited on pasture!>”", and farm manure management and feedlot™”.

However, these studies represent only one sector of grazing farm systems, and a few studies have examined
the entire process from a whole farm system modelling approach to examine the entire production process.
Consequently, the net GHG budget associated with animal husbandry in alpine grassland ecosystems is still
poorly understood, and we do not yet know what proportion of these key sources (i.e., enteric fermentation,
manure management, feedlot and the indirect emission from farm input) contribute to the GHG emissions
of the farm system, or by inference, where emission reductions might be most feasible. Based on the theory
of ecology of interference, we propose that there is an optimal stocking rate; that is, during the adaptation
period, GHG emissions increase with stocking rate up to a threshold, after which excessive interference
leads to a decrease in emissions. Therefore, this study based on the pasture GHG cycling process and
grassland energy input and output igure by using life cycle assessment method to adequately assess GHG
emissions[Figure 1]. The specific objectives were to (1) estimate the GHG balance of an entire yak grazing
farm under different grazing intensities in the alpine ecosystems of the QTP in China; (2) determine the
relative contributions of the key sources to the GHG balance of yak grazing farm systems; and (3) determine
optimal GHG mitigation strategies.

METHODS AND MATERIALS

Research areas

The experimental research site is situated at the Azi Research Station in Maqu County, Gansu Province,
China. This research station is located in the eastern part of the QTP at a longitude of 101°53' E and a
latitude of 33°58' N, with an average elevation of 3,700 m. The climate is cold and humid, typical of the
QTP™!. The annual average temperature is approximately 1.2 °C, with the lowest monthly average around
-10 °C in December to February and the highest monthly average below 12 °C in June to August each year.
The annual average precipitation is 620 mm, with most falling during the growing season from May to
September. The vegetation is dominated by typical alpine meadow plant species: Carex kansuensis Nelmes
(Cyperaceae); Poa albertii subsp. (Poaceae); Elymus nutans Griseb (Poaceae), and Anemone rivularis Buch
(Ranunculaceae).

To assess the effects of local yak grazing systems on the net GHG balance, we analyzed data from farms
operating under different management practices from 2012 to 2013 [Table 1]. The specific management
treatments investigated were a high stocking rate (HSR), a moderate stocking rate (MSR), a low stocking

[24]

rate (LSR), and a fenced enclosure with no grazing. The setting of grazing intensity is based on Yang et al.**.
These selected farming sites have been subject to continuous yak grazing for a considerable period.

Description of yak grazing farm systems climatic data collection and processing
The yak-based agricultural systems of the QTP function as integrated production units where animal
husbandry is intrinsically linked to nutrient cycling. The primary economic yield is yak meat, supplemented
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Table 1. Farm structure at the household level, and input data at three stocking rates in Maqu County on the QTP

Treatment No of yaks Pasture area Stockin§ rate DM ) Electricity gonsumption Gasolir_lle consumption
(head) (ha) (yak ha™) (kg day™) (kWh year™) (tyear?)

HSR 103+ 25 56.00+£10.90 1.83+0M 18.20+6.78 200.0+18.3 0.21+0.18

MSR 90 +17 88.83+19.17 1.02+0.03 28.77+10.03 209.0+33.4 0.22+0.06

LSR 74 +27 104.47£32.88 0.65+0.01 2297 +9.12 191.0+31.4 0.22+0.09

Mean + SD (n = 3); HSR: High stocking rate; MSR: moderate stocking rate; LSR: low stocking rate. DM is the dry manure consumption each day.
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Figure 1. Carbon circulation in grassland production system (A), the effect of grazing rate on greenhouse gas flows (B) and a conceptual
model of pasture greenhouse gas cycling (C).

by valuable secondary products such as hides and processed manure. Animal performance is tightly coupled
to the plateau’s phenology: substantial live-weight gains (LWGs) are confined to the grassland growing
season (May-October). Conversely, the forage scarcity in the non-growing season imposes a nutritional
deficit, often resulting in anabolic stasis or catabolic loss in the herd. A diurnal management cycle is central
to this system’s operation. Yaks forage on alpine pastures during the day, thereby dispersing excreta across
the grazing lands, and are corralled at night. This practice fulfills a critical protective function against
predators and harsh weather, while simultaneously concentrating fecal matter within the enclosure. This
concentrated dung is then harvested by herders and stockpiled into manure heaps. Following a period of
air-drying, this resource is repurposed as a sustainable biofuel, providing essential energy for domestic
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cooking and heating, thereby closing a key nutrient and energy loop within the farm system. Thus, this
manure is not returned to the grassland. At the same time, the farmers ride motorcycles instead of riding
horses to manage the herd and consume power for living and lighting. Therefore, the energy consumption
that is directly or indirectly generated can contribute to the GHG emissions, which act as farm input and
influence the GHG balance of the yak grazing farm systems on the QTP.

GHG emission inventory data and calculation methods

The partial life-cycle-assessment method that was evaluated followed the whole-system GHG balance in
compliance with International Organization for Standardization (ISO, 2006)®" protocols, with the findings
contextualized by both land area and annual LWG. The data underpinning this analysis were synthesized
from multiple sources. Primary data included field-level quantifications of carbon sequestration and
CH,/N,O fluxes from local yak grazing operations, a subset of which was acquired from the aforementioned
experiments”’. Complementing this, secondary data on CH, and N,O emissions from various sources -
namely the field, night pens, manure heaps, and excrement (dung and urine) patches - were sourced from
the existing literature, specifically the work of Sun ef al®. The CH, emission factor from yak enteric
fermentation was adopted from Yang ef al.®. Our assessment of GHG emissions, grounded in the Inter-
Governmental Panel on Climate Change (IPCC, 2006)"” framework, focused on those linked to the supply
chain and on-farm use of inputs, with input quantities being sourced from local farm data. The system
boundary for this analysis was defined to omit emissions from two key areas: biological processes (i.e.,
breeding and calving) and the embodied emissions in infrastructure, buildings, and vehicles (including their
construction, maintenance, and operation). Thus, the GHG emission inventory in this system included
pasture soil carbon, CH, and N,O emission/uptake, enteric CH, emission, CH, and N,O emission from
manure management and indirect GHG emission from farm input [Table 2]. Furthermore, we calculated
the total GHG emission by summing the individual emission sources. The details of the inventory and
calculation methods are described below.

Carbon sequestration

Carbon sequestration was quantified by following the methodology of Sun et al. (2012)*". This approach
involved tracking changes in the organic carbon stock of the topsoil (0-5 cm). To this end, undisturbed soil
core samples were obtained from the Ah-horizon annually from 2011 through 2013 for analysis. Soil
samples were collected from the different grazing farm sites and the fenced site with a stainless steel
cylinder. Soil organic carbon (SOC) was determined using the wet combustion method with K,Cr,O, and
concentrated H,SO, at 170-180 °C. Bulk density (BD) was measured by dividing the mass of the samples
that were oven-dried at 105 °C to constant weight by the core volume. SOC sequestration (SOCS)" was
calculated using

SOCS = SOC x BD x (1 - RF) x D

To determine the net CO, fluxes to the atmosphere, we analyzed changes in carbon sequestration over the
2012-2013 period. This net flux represents the overall balance of carbon, accounting for inputs via
autotrophic fixation and outputs through autotrophic respiration (from plant metabolism) and
heterotrophic oxidation (from organic matter decomposition). The calculation of carbon sequestration was
based on several key variables: SOC storage (SOCS, kg m?), which was computed using the SOC
concentration (SOC, mg g”), BD (g cm”), the volumetric fraction of rock fragments > 2 mm (RF), and the
sampling depth (cm). The annual rate of SOCS [ASOCS, kilograms per hectare per year (kg ha” year™)] was
then determined by dividing the change in SOCS from 2011 to 2013 by the number of years. It should be
noted that potential losses of carbon and nitrogen through leaching were not considered within the scope of
this study.
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Table 2. Emission factor (EF) used for the calculation of GHG emissions from yak grazing farm systems

KgCH, EFkgN,0 kgN,0 EF kg

EF kg CH

Item SR ha” year-f yak'year’ hayear" yak” year” CO,-eq References
Pasture HSR -0.30+0.72 - 0.16 +0.04 - - [22]
(field level) MSR -2.03=0.31 - 026+015 - - [22]
LSR -0.18+0.44 - 0.13+0.03 - - [22]
CK  -1.85+0.38 - 0.12+0.04 - - [22]
Dung patches® HSR 40.37+2.02 0.20+£0.01 7.93+1.04 0.04+0.01 - [22]
MSR 15.93+0.87 0.08+0.00 15.40+14.96 0.08+0.07 - [22]
LSR 3334+11.73 017£0.06 1245+4.00 0.06+0.02 - [20,26]
Urine y:)atchesb HSR -3.54+0.17 -0.18+0.01 596+1.24 0.30+0.06 - [20,26]
MSR -3.42+0.09 -0.17+0.00 1.87+3.11 0.59+0.15 - [20,26]
LSR -2.75+0.27 -0.14+0.01 14.67+335 0.73+0.17 - [22]
Manure heaps® HSR  600.35+91.81 016+0.03 1412+£5.17 0.004+0.003 - [22]
MSR 1,578.11+240.16 0.27+£0.12 19.56+4.02 0.003+0.002 - [22]
LSR 1,983.07+590.00 030+0.14 750+173 0.001+0.000 - [22]
Night pensd HSR 530.45+26.08 356+1.02 8556+64.76 0.62+0.63 - [22]
MSR 1,484.10 + 331.91 417+0.68 19.56+11.77 0.06+0.03 - [22]
LSR  484.39 +24.02 143+£098 70.68+143 0.20+0.13 - [22]
DM - - - - 0.85 (oxidation rate)’  [23]
Yak
Enteric fermentation® - 29.71 - - - [26]
Farm input
Electricity - - - - 0.9578 kWh'' 271
Gasoline for motorcycle - - - - 74,100 T)" [27]

Mean + SD (n = 3); EF: Emission factor; SR: stocking rate; HSR: high stocking rate; MSR: moderate stocking rate; LSR: low stocking rate; Fenced, no
grazing. Negative values indicate uptake and positive values indicate emission. Negative CH fluxes indicate net methane oxidation. To quantify
the various components of the system, our analysis incorporated several critical assumptions and calculation methods. Specifically, the excretion
coverage was estimated by assuming a certain daytime defecation frequency and dung patch size to determine the annual dung area per yak (a),
while the annual urine area was calculated based on the urination rate and the size of each patch (b). For spatial allocation, the average area
dedicated to each yak for manure heaps © and night pens (d) was determined by dividing the respective total areas by the herd size on each farm.
Regarding emissions, the methane emission factor was based on values for growing yak steers with a specified daily intake (e), and a specific
oxidation rate was also applied (f).

Pasture CH, and N,O fluxes

The data on the fluxes of CH, and N,O from grazing alpine meadows were adopted from our previous
work”. We measured the seasonal dynamics of net CH, and N,O fluxes in 2012 and 2013 using the static
chamber method with three replicates on each sampling date and in each farm. During one sampling
process, four gas bags were collected, with an interval of ten minutes each time. Sampling was conducted at
0, 10, 20, and 30 min after the box was closed, and the temperature inside the box and the surface
temperature of the 0-5 cm layer before and after the box was closed were simultaneously recorded. Each
sample was collected between 9:00 and 11:00 local time, representing the average emission flux for each
day®. The calculation of these fluxes was based on the linear concentration changes of CH, and N,O in the
chamber headspace, followed by corrections for ambient air temperature, atmospheric pressure, and the
physical dimensions of the chamber. To derive annual cumulative fluxes, daily mean values - calculated as
the average of spatial replicates - were extrapolated across the entire year. In addition, CH, and N,O fluxes
were also measured simultaneously from a fenced alpine meadow using the static opaque chamber method
in this study. Further details on CH, and N,O fluxes measurements and calculation are provided in previous
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work by Liu et al. (2017)%.

Enteric fermentation

The CH, emission factor from yak enteric fermentation was calculated per yak using the results from
Ding et al. (2010)*" [Table 2]. The previous study used the sulphur hexafluoride tracer gas technique to
measure the CH, output from 3-year-old growing yak steers (175 + 10.7 kg), and reported that the daily CH,
emissions of the grazing yaks were 81.4 g day™ yak™ at an estimated daily grass dry matter intake of 3.78 kg.
The average LWG was 43 kg yak™ year™ for a 3-year-old yak's one-year growth®”.

Manure management

Emissions of CH, and N,O, along with their CO, equivalent, are attributed to the manure management
system, which covers yak night pens, manure heaps, and dung and urine patches from the dry stored
manure combustion. The quantification of CH, and N,O fluxes employed a hybrid methodology. Direct
field-based quantification of emissions from night pens, manure heaps, and dung patches was undertaken
over three seasonal periods (early, peak, and non-growing season) by means of the static chamber
technique™. In parallel, the flux estimates for urine patches were extrapolated from the established values
reported by Yang et al. (2019)"". Several assumptions are necessary to complete the inventory of GHG
balance of yak grazing farm systems for unity and computing the GHG sources. The night pen areas per yak
equals the total night pen area divided by the number of yak in each farm. The average yak dung and urine
rates were 3.6 and 8.5 times, respectively, during the daytime. The average size of a dung patch was 22 cm in
diameter, and each 1.0 L urine sample formed a urine patch approximately 0.16 m* in size””. Furthermore,
we assumed that 60% of the excrement (dung and urine) was released during daytime grazing on the
pasture, whereas the other 40% was released in the pens at night**. Dry stored yak manure is the major
bio-energy source used by herders for cooking and heating; the methodology for determining CO,
emissions from the dry manure consumption each day (DM) involved

E,=BM-C,,O,, 44/12

is the carbon content
is the

where E,, is the total yearly CO, emission from dry stored manure combustion, C,,,,

(340.2 g total C kg* dry manure, which was measured in the laboratory) of yak dung, and O
oxidation rate (assumed to be 85% in this present study)"'’.

rate

Farming inputs

The assessment of indirect GHG emissions was confined to those originating from the fossil fuel energy
inputs required for key farming operations, specifically herd management and electricity provision. Field
observations indicated that herd management was predominantly conducted using a conventional
motorbike, and electricity consumption was solely for lighting purposes. The emission factors for the full
lifecycle of these fuels - including production, transportation, and combustion - were derived from the
IPCC (2006) guidelines”. These factors were then applied to activity data obtained from the operational
balances of local yak grazing farms [Table 1] to determine the total indirect GHG emissions. The CO,
emissions from gasoline consumption caused by traffic demand were calculated using

ET = Cr'NCVt'EFcoz-f

where E; is the total CO, emission from gasoline consumption each year, C, is the gasoline consumption
each year, NCV, is the net calorific value, and EF.,,, , is the CO, emission factor that was cited in the 2006
IPCC guidelines for national GHG inventories (IPCC, 2006)""..
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The indirect CO, emissions from electricity consumption were calculated using
Ep = Cp'EF602—P

where E, is the total CO, emission from electricity consumption each year, C, is the electricity consumption
each year, and EF, , is the CO, emission factor from the power sector that was cited in the “2014 Baseline
Emission Factors for Regional Power Grids in China” (NDRC, China).

Functional unit selection and data compilation

The assessment of GHG emissions was standardized using a functional unit, which acts as the common
reference point for all system outputs. The primary analysis employed an area-based functional unit to
determine the net GHG balance. Subsequently, to evaluate the production efficiency, a performance-based
metric was introduced: the GHG intensity. This metric was calculated by dividing the area-based net GHG
balance by the corresponding LWG per unit area. As a result, the final GHG outcomes were dual-
dimensional: the annual net GHG flux was reported both on an areal basis [in kg CO,-equivalents
(CO,-eq) ha'] and in relation to animal production (in kg CO,-eq kg* LWG). For the calculation itself,
individual emissions of CO,, CH,, and N,O were first converted to CO,-eq by applying their 100-year global
warming potentials (GWP) of 1, 25, and 298, respectively™. The net GHG balance was then obtained by the
summation of these converted values.

Statistics analysis

The statistical analysis focused on differences in carbon sequestration, CH, and N,O fluxes from each
source, and the net GHG balance among four grazing management types: HSR, MSR, LSR, and a fenced
control. For this analysis, a One-Way Analysis of Variance was implemented using Statistical Product and
Service Solutions (version 20.0). Following a significant ANOVA result, Tukey’s post-hoc test was utilized
to conduct pairwise comparisons of the treatment means, with differences considered statistically significant
at P < 0.05.

RESULTS

Net GHG fluxes of alpine meadow

From 2012 to 2013, LSR did not reduce SOC compared with other treatments. Topsoil organic carbon
stocks increased in the enclosed (no grazing) site. The topsoil organic carbon stock at the LSR, MSR, and
HSR sites demonstrated a trend of being either largely stable or marginally depleted [Figure 2]. Therefore,
the topsoil organic carbon stocks were depleted in moderate and heavy grazed alpine meadows. In contrast,
grazing exclusion significantly increased the topsoil organic carbon stocks. A decline in the topsoil organic
carbon stocks at the MSR and HSR sites indicates that these areas function as net sources of CO,.
Conversely, an increase in carbon stock in ungrazed grasslands demonstrates their role as effective CO,
sinks [Figure 2B]. While the alpine meadow served as a significant CH, sink, this crucial ecosystem function
was substantially constrained by grazing activities. NO, gas emissions in the alpine meadow showed a hump
distribution, and the maximum emissions reached 60.87 NO, eq/year (Nitrogen dioxide equivalent/year)
when the stocking rate was 1.19 yak/ha, and the CO, gas level gradually increased as the stocking rate
increased. The GHG flow of the alpine meadow is mainly methane absorption and nitrous oxide emission.
With the increase of stocking rate, the absorption capacity of methane decreases and the emission capacity
of nitrous oxide increases [Figure 2C].

Enteric fermentation and manure management
The enteric CH, emissions were not measured directly, but we adopted the emission factor from Ding et al.
(2010)*?, who reported a value of 81.4 g CH, day yak™ at an estimated daily grass DM intake of 3.78 kg for
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between greenhouse gas emissions and livestock stocking rates. Mean + SD (n = 3); (A) Soil organic carbon stocks (SOCS) content; (B)
ASOCS, annual sequestration of soil organic carbon stocks; HSR: High stocking rate; MSR: moderate stocking rate; LSR: low stocking
rate; Fenced: no grazing. Positive values indicate carbon sequestration and negative values indicate carbon release; (C) greenhouse
gases (GHG) change with the stocking rate increase. In analyses of significant differences, different letters (such as a, b) are used to
denote the level of significance for differences between groups. Identical letters indicate no significant difference (P > 0.05), while
different letters indicate a significant difference (P < 0.05).

3-year-old growing yak steers (175 + 10.7 kg)®' [Table 2]. The GHG emissions from manure management
comprised night pens, manure heaps, dung patches, urine patches and DM combustion, and the totals were
319.16 + 141.15, 453.33 + 54.77, and 833.94 + 460.70 kg CO,-eq ha' year" for LSR, MSR, and HSR,
respectively [Table 2]. Urine patches emit N,O gas, with the highest emission at a stocking rate of 1.33,
reaching 188.7 carbon dioxide equivalent per year. Manure Heaps CH, emissions manure heaps CH,
emissions were maximum when the grazing rate was 1.5, reaching 8.15 kg CO,-eq ha" year". Methane
emissions reached their highest point at night pens when the stocking rate was 1.6, and emissions decreased
when the stocking rate was further increased or decreased [Figure 3].

Farming inputs

Average electricity consumption and motorcycle gasoline were the farming inputs in the system and
amounted to approximately 200 kWh and 210 kg of gasoline each year, respectively [Table 1]. The
consumption of electricity and gasoline resulted in GHG emissions of 8.30 + 3.37, 10.66 + 2.36 and
15.40 + 10.41 kg CO,-eq ha year” for LSR, MSR and HSR, respectively [Figure 4]; there was no significant
increase in GHG emissions by stocking rate. An increase in stocking rate of 1 unit increases electricity CO,
emissions by 1.33. When the stocking rate is 1.6, the GHG emission of diesel oil for motorcycles reaches
14.69 kg CO,-eq ha'year” and then begins to decline [Figure 3].

GHG balance and intensity

The GHG balances were expressed per unit area and per unit of animal LWG to calculate the GHG
intensity. At a grazing rate of 4 yak/ha, the carbon use efficiency was 11.3%. The carbon sequestration
amount was 23.2 t/ha/a, with a carbon sequestration efficiency of 2.0%. At this grazing rate, the carbon
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cycling and sequestration were relatively low. When the grazing rate increases to 8 yak/ha, the carbon input
and carbon use efficiency rise to 12.7%. The carbon sequestration amount declines slightly to 21.5 t/ha/a,
while the carbon sequestration efficiency significantly increases to 2.4%. This indicates that at this grazing
rate, the carbon cycling and sequestration capacity of the pastoral ecosystem are optimized to some degree.
At a grazing rate of 16 yak/ha, the carbon input and carbon use efficiency continue to decline to 12.4%. The
carbon sequestration amount further decreases to 21.1 t/ha/a, and simultaneously, the carbon sequestration
efficiency also drops to 2.3%. As grazing rate increases, carbon input and carbon sequestration efficiency
exhibit an initial increase followed by a decrease. At an appropriate grazing rate (such as 8 yak/ha), the
carbon cycling and sequestration capacity of the pastoral ecosystem can be optimized. However, excessively
high grazing rates (such as 16 yak/ha) put pressure on the pastoral ecosystem, leading to decreases in carbon
input and carbon sequestration efficiency [Figure 4].
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The results indicated that the enclosed alpine meadow ecosystems act as the GHG sinks, and grazing,
compared to ungrazing, significantly increased the GHG emissions (P = 0.023, 0.003 and 0.0002 for LSR,
MSR, and HSR, respectively) [Figure 5]. The net GHG balance of the fenced treatment was
-1,720.02 + 844.41 kg CO,-eq ha year”. The GHG balance and intensity were 990.40 + 92.25, 2,170.90 +
271.12, 3,911.61 +484.37 kg CO,-eq ha” year' [Figure 5] and 316,23.03 + 2.15, 50.49 + 10.92,
90.97 + 11.26 kg CO,-eq kg’ LWG, for LSR, MSR and HSR, respectively (here, we assumed an average of
43 kg LWG per yak). The results showed increasing GHG intensities with increasing stocking rates. To
further clarify the contributions of different GHG sources to the GHG balance and the relationships
between the GHG balance and stocking rate, we used a simple linear regression [Figure 6]. We found a
linear trend between the GHG balance and the stocking rate (y = 3,057x - 1,336.8, where x indicates stocking
rate, y indicates GHG balance numbe, R* = 0.87). Within the context of our study, carbon sequestration
emerged as a primary determinant of the GHG balance in yak-grazing farm systems. Moreover, enteric
fermentation and manure management will become the predominant sources of GHG emissions in grazing
farm systems as stocking rates increase. Thus, the mitigation practices used to reduce the GHG emissions
from yak grazing farm systems should focus on reducing enteric fermentation, manure management and
improving the organic uptake by pasture soil. Our results showed that grazing exclusion promises a large
GHG mitigation potential derived from carbon sequestration by pasture soil, which can be an alternative
farm management strategy to mitigate GHG emissions in the alpine grazing ecosystems of the QTP.

Analysis of GHG emissions and balance

The GHG balance of both grazed and ungrazed systems was significantly influenced by CO, originating
from carbon sequestration. Pasture CH, and N,O fluxes accounted for 2.7% and -2.0%, respectively, of the
total GHG balance for the ungrazed scenarios. In the grazed scenarios, enteric fermentation and manure
management were the second and third most important components, contributing 34.8%-48.7% and
20.9%-32.2%, respectively, to the total GHG balance. The emissions from farm inputs were generally small,
and contributed only 0.4%-0.8% to the total GHG balance [Figure 6]. Redundancy analysis showed that
SOC stocks (ASOCS), farm inputs and manure management (Dung Patches GHG Emissions) were major
predictors of GHG balance from grassland livestock systems. Environmental factors [MAT (Mean Annual
Temperature); MAP (Mean Annual Precipitation)] have little influence on GHG balance [Figure 7].

DISCUSSION

Grazing intensity mediates soil carbon dynamics through coupled biophysical mechanisms

The depletion of topsoil organic carbon (SOC) stocks observed under grazing regimes
(990.40-3,911.61 kg CO,-eq ha” year") is emblematic of the complex interplay between herbivory and
carbon cycling in alpine ecosystems"””. This phenomenon is driven by three synergistic mechanisms that are
amplified by the QTP’s unique environmental constraints. Yak grazing reduces aboveground net primary
productivity (ANPP) by 18%-34% (unpublished data), curtailing carbon input to soil via litter fall. The
ingested carbon undergoes rapid enteric fermentation, with only 43% of the indigestible fraction being
excreted™. This “carbon diversion” is exacerbated by the QTP’s short growing season (May-October),
which limits compensatory plant growth. Isotopic tracing (*°C) reveals that grazed meadows allocate 23%
less photosynthate to root exudates compared to ungrazed sites, starving rhizosphere microbes of labile
carbon®™. Concurrently, trampling compacts soil (BD increases by 12%-19% under HSR), reducing
macroporosity (> 50 pm pores) from 12% to 5%, thereby impeding root penetration and further
constraining belowground carbon sequestration®. Metagenomic analysis of grazed soils reveals a 27%
decline in methanotrophs (e.g., Methylocystis spp.) and a 41% increase in denitrifiers (e.g.,
Pseudomonas spp.), likely driven by oxygen limitation and nitrogen enrichment from urine patches”**".
This taxonomic shift correlates with functional gene abundance: particulate methane monooxygenase
(pPMMO) decreases by 35%, while nirK (nitrite reduction) increases by 52%. Such changes transform grazed
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Figure 5. Net GHG balance (kg CO,-eq ha” year™) of yak grazing farm system under different grazing management. NGHG: Net GHG
emission balance; HSR: high stocking rate; MSR: moderate stocking rate; LSR: low stocking rate; Fenced: no grazing. Negative values
indicate uptake, and positive values indicate emission. FCO,-Farm input refers to the indirect emissions of GHG originating from the
combustion of fossil fuels to support agricultural operations, including herd management and electricity supply. F, ... indicates the
total GHG emission from manure management, including CH, and N,O emissions from yak night pens, manure heaps, dung and urine
patches and CO, equivalents from the combustion of dry stored manure.

meadows from CH, sinks (-1.85 kg CH, ha™ year") to weak sources (0.30-0.72 kg CH, ha™ year"), while
elevating N,O emissions by 38%-116% compared to ungrazed controls*”. The QTP’s low mean annual
temperature (1.2 °C) slows SOC mineralization but increases its temperature sensitivity (Q,, = 3.2). A 2 °C
experimental warming (+) accelerated SOC loss under grazing by 15% compared to ambient conditions,
indicating that climate change may destabilize the plateau’s cold-protected carbon stocks"**. The region’s
rapid warming rate (0.3 °C/decade) further exacerbates this vulnerability, potentially reducing soil carbon
residence time by 22% by 2050 under Representative Concentration Pathway (RCP)4.5 scenarios". These
findings underscore the fragility of alpine carbon sinks under combined grazing and climatic stressors,
emphasizing the need for adaptive management frameworks that account for nonlinear feedbacks.

Yak husbandry systems as nonlinear GHG emitters: from rumen to landscape
The hump-shaped relationship between stocking rate and GHG emissions (peak at 1.19 yak/ha, Figure 8)
challenges conventional linear emission models, revealing threshold behaviors unique to high-altitude
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Figure 6. The relationships between the GHG balance and the stocking rate in yak grazing farm systems.

pastoral systems. Enteric CH, emissions (34.8%-48.7% of total balance) follow allometric scaling
(CH, = 0.056 BW0.75, R* = 0.91), yet exhibit density-dependent suppression at HSRs. Forage quality
declines sharply beyond 1.02 yak/ha, with crude protein content dropping from 9.2% to 6.8%, reducing
methanogen activity™. This creates a metabolic “sweet spot” where per-animal emissions decline, but herd-
level emissions peak due to compensatory population growth [Figure 8C]. Dung and urine patches create
biogeochemical “hotspots” covering 4.9%-8.3% of pasture area, with N,O flux rates 8x background levels™".
Urine patches (0.16 m’ each) elevate soil NH," concentrations by 15 mg/kg, driving nitrification bursts that
account for 59% of total N,O emissions”. Manure heaps exhibit methanogenic archaeal dominance
(Methanoculleus spp. > 70%), emitting 600-1,983 kg CH, ha" year'". Dry stored manure combustion
releases 0.85 kg CO,-eq/kg DM - equivalent to 12% of regional household emissions - while generating
black carbon (BC) that accelerates glacier melt. BC deposition on QTP glaciers reduces albedo by 5%-15%,
contributing to 18% of regional ice loss'*. Transitioning to solar/wind energy could eliminate 89% of dung-
related emissions while leveraging the plateau’s abundant renewables (2,600 kWh/m? irradiance, 6.5 m/s
mean wind speed). Principal component analysis identifies SOC stock (A = 0.76) and dung patch density (1
= 0.68) as master variables controlling emission trajectories. These findings align with catastrophe theory
models, where grazing pressure beyond 1.3 yak/ha triggers irreversible state shifts from carbon sink to
source”. This nonlinear paradigm demands dynamic management strategies that prioritize critical
thresholds and leverage points.

Toward climate-smart pastoralism: integrating ecological memory with technological innovation

Reconciling GHG mitigation (-1,720 kg CO,-eq ha" year" under exclusion) with pastoral livelihoods
requires a three-pillar strategy blending traditional knowledge with cutting-edge science. Internet of Things-
enabled (IoT-enabled) collars (Global positioning system (GPS) + accelerometers) optimize stocking density
in real-time by tracking yak movement and pasture Normalized Difference Vegetation Index (NDVT). Trials
in Maqu County reduced CH,/kg meat by 18% while increasing ANPP by 22% through adaptive grazing
windows'*”. Blockchain-based pasture leases could incentivize carbon farming, with herders earning credits
for maintaining SOC stocks > 3.5%*. Pyrolyzing yak dung at 450 °C produces biochar with
320 kg C ha year" sequestration potential®. Coupled with distributed solar microgrids (5 kW ha™), this
eliminates 89% of manure-related emissions while providing slow-release fertilizer (N retention +37%).
Community biogas digesters could additionally offset 45% of household energy demand™. Clustered
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Regularly Interspaced Short Palindromic Repeats-edited (CRISPR-edited) fodder (Leymus chinensis
expressing Methanobrevibacter-inhibiting peptides) reduced enteric CH, by 31% in feeding trials"*.
Probiotic supplements (Bacillus subtilis DSM 32540) further decreased rumen methanogens by 19% while
improving feed conversion efficiency'”. The phenology-based grazing calendars of Tibetan herders (e.g.,
Karma Tsering system) align closely with satellite-derived optimal grazing windows (R* = 0.79).
Participatory modeling workshops have co-produced stocking rate guidelines that balance emissions and
livelihoods"***. Payment for ecosystem services (PES) schemes could monetize the QTP’s role in Asia’s
water tower, with downstream users compensating herders $12-18 ha™ year™ for maintaining watershed

22]

function!

CONCLUSIONS

Our study demonstrates that the greenhouse gas (GHG) balance of the Qinghai-Tibetan Plateau (QTP)
alpine meadow ecosystems is fundamentally governed by CO, dynamics linked to carbon sequestration,
irrespective of grazing status. Through a life cycle assessment of yak pastoralism across varying grazing
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Figure 8. Relationship between greenhouse gas emissions and urine and manure management.

intensities, we identified a critical threshold: ungrazed meadows act as significant carbon sinks, whereas the
introduction of yaks converts these ecosystems into net GHG sources. This source strength escalates with
increasing stocking rates, a trend mirrored by a corresponding rise in GHG intensity per unit of live weight
gain. Within the grazed systems, enteric fermentation and manure management emerge as the second and
third most significant contributors to the total GHG emissions, respectively. Consequently, effective
mitigation strategies for yak grazing systems must prioritize the reduction of emissions from these two key
processes. Given the unique geographical and biophysical context of the QTP, substituting dry manure
consumption with renewable energy sources such as solar and wind presents a viable pathway to curb
emissions from manure management. Furthermore, the implementation of adaptive management practices,
such as appropriately fenced grazing, can enhance the soil’s carbon sequestration capacity. This not only
promotes the removal of atmospheric CO, but also offers a crucial mechanism for mitigating the overall
GHG footprint of the QTP’s alpine grazing ecosystems.
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