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ARTICLE INFO ABSTRACT

Handling Editor: Giovanni Baiocchi Indigenous mountain communities are on the cutting edge of environmental threats, their responses, and the
preservation of traditional knowledge that ensures the harmony between the environment and sustainable

Keywords: resource use. In the context of seasonal grazing, a key livelihood activity in the eastern Pamir Mountains, this

Sustainable management study aimed to document a traditional ecological calendar-like management system and scientifically validate its

Indigenous seasonal grazing
Ecological calendar

Climate adaptation
Mountain ecosystem

effectiveness. Through an ethno-ecological survey comprising focus group discussions and semi-structured in-
terviews, we examined the variations in seasonal grazing practices based on ecological calendars. The study
quantified and evaluated the indicators’ efficacy in guiding these seasonal activities by analyzing time series
satellite data of Normalized Difference Vegetation Index (NDVI). Additionally, the research assessed the potential
alterations required in the future under anticipated climatic scenarios (SSP126 and SSP585) using the random
forest algorithm. The findings underscored the alignment between seasonal migration patterns, grazing as the
primary seasonal activity, and spatiotemporal variations in vegetation phenology. Our analysis revealed that in
the future local herders may need to spend more or shorter time in pastures at different elevation compared to
present because of possible change in the phenology. Our findings demonstrate the high validity of this calendar
system in local resource management, and with modification it would be equally important in the future under
new climatic scenarios.

1. Introduction et al., 2022) and effectively adapting to the mountain climate (Fuso
Nerini et al., 2019). Aboriginal mountain people have long had a pro-

Seasonal resources are available in limited amounts in the high found grasp of their surroundings and knowledge about how to effec-
mountains that support the livelihood of mountain dwellers. The sus- tively manage them (Castro and Sen, 2022). They have developed a
tainable management of mountain ecosystems is thus crucial in two highly detailed, complex ecological understanding of the interactions
major aspects: supporting an adequate resource supply (Hidalgo Pizango among plants, animals, water, weather, and other environmental
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components, and thus, they know which resources are ready for harvest
in a given season and what land management activities should take place
at a given time (Conway et al., 2019; Karim-Aly Kassam and Ruelle,
2011). These knowledge systems were developed using observational,
practice-based approaches and have been transmitted through
numerous generations by constant adaptation to the changing environ-
ment (Jansky et al., 2002). This indigenous ecological knowledge is
extremely specialized in terms of understanding seasonal changes and
land management and is exclusive to mountain communities worldwide
(Camara-Leret and Dennehy, 2019; Knight et al., 2022). Depending on
where the knowledge has formed, there are significant differences in the
number of seasons recognized in an annual cycle, the length of each
season, and how seasons are locally defined and understood (Lu et al.,
2022; Yang et al., 2021). The indigenous community’s seasonal under-
standing supports many annual activities that include livelihood and
cultural events (Plaganyi et al., 2013). The ability to illustrate and ex-
press their relationship with, usage of, and management of the mountain
resources where their civilization has long thrived is made possible by
the recording of this information by indigenous knowledge bearers
(Kassam et al., 2018).

Indigenous ecological knowledge contains a significant amount of
information about seasonal cycles (Turner et al., 2000). This knowledge
is used to establish hunting and harvesting practices based on the sea-
sonal availability of various species (Yang et al., 2021; Huntington et al.,
2004). Many indigenous peoples still make use of the information that
was once essential to their existence, and many of them still do. Some of
them have used a template based on the seasonal cycle such as seasonal
calendars and seasonal wheels to record their ecological knowledge
(Yang et al., 2019). The ecological calendar, which is a subset of the
indigenous knowledge system for interpreting the timing and location of
subsistence activities (Yang et al., 2021; Kassam et al., 2018), relies
primarily on the phenological regularity of local abiotic and biotic in-
dicators, such as snow cover dates and vegetation phenology (Karim-Aly
Kassam and Ruelle, 2011; Yang et al., 2019). This approach has been
employed in a range of regions, such as China (Wan, 1935, 1962),
Central Asia (Kassam et al., 2018), Canada (Mondragon, 2004) and
certain European nations (Morisette et al., 2009), and it has a strong
dependence on humans and the living environment in a specific context
(Kassam and Bernardo, 2022).

The Pamir Mountains are among the world’s most remote and
sparsely connected mountains, and the mountain community that calls
them home shares these characteristics (Kreutzmann et al., 2016). Karim
et al. (2011) (Karim-Aly Kassam and Ruelle, 2011) uncovered an
extraordinary Pamirian resource management that mimics an ecological
calendar. The Pamir are a part of the “Roof of the World”, where several
mountain ranges converge (Smith and Bookhagen, 2018). Its high, icy
desert and steppe are unique among alpine locations worldwide, offer-
ing native inhabitants a variety of resources, albeit sparsely (Castro and
Sen, 2022; Yang et al., 2019). Livestock raising has been a significant
source of livelihood and food security for the indigenous Chinese Tajik
population of the eastern Pamir since ancient times (Kreutzmann et al.,
2016). They engaged in seasonal grazing, which stands out for having a
number of characteristics that promote sustainable resource manage-
ment. As a representation of their long-standing custom of coexisting
peacefully with nature, the seasonal grazing practices have been prac-
ticed for centuries (Yang et al., 2019). A sustained supply of necessary
resources depends on the sustainable management of the limited re-
sources in the region and knowledge of the season in which those re-
sources will be available. However, indigenous people face several
obstacles to keep their livelihood in these mountains, and recent phe-
nomena such as climate change could increase such obstacles (Pepin
et al., 2015). Small fluctuations in the climate in the Pamir Mountains
could alter (Turner and Clifton, 2009) its ecosystem processes, and
biological functions (IPCC, 2007), similar to other mountain ecosystems
around the world. The livelihoods of mountain dwellers will be
impacted, which may lead to societal issues with agriculture, resource
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and water access, health and cultural upheaval (Farrell et al., 2021;
Camara-Leret et al., 2019). Thus, it is essential to thoroughly document
indigenous practices of a specific resource management cycle and inte-
grate them with available scientific technologies in the modern era given
the accessibility of sophisticated technology to monitor seasonal and
climatic changes as well as meteorological recordings (Plaganyi et al.,
2013; Mistry and Berardi, 2016). Carefully analyzed data and jointly
created hybridized knowledge can aid in the management of natural
resources in a sustainable way and improve our ability to adapt to and
anticipate climate change (Huntington et al., 2004), and it will help to
achieve UN Sustainable Development Goal 11 (Sustainable cities and
communities) and to contribute to food security (Wheeler and von
Braun, 2013). Understanding historical-typical livelihood activities in
time and space is crucial, as is determining whether or not this way of
life was backed by scientific evidence (Hidalgo Pizango et al., 2022;
Bendixen et al., 2022).

1.1. Conceptual framework: establishing a connection between local
resource management and scientific evidence

Interweaving indigenous and scientific knowledge could improve
our ability to understand complex systems and provide opportunities for
research that promotes dialogue, social justice, and indigenous self-
determination. (Gagnon et al., 2023). Yet, identifying and quantifying
the spatiotemporal characteristics of local grazing when working with
qualitative indigenous knowledge is a significant challenge that must be
overcome to accurately explain the mechanisms of alpine pastures’
sustainable use and climate adaptation adopted by indigenous com-
munities. It is essential to establish links between indigenous manage-
ment and scientific evidence to evaluate the success of resource
sustainability and to encourage climate-adapted actions. For example, in
the Kitikmeot marine region of Nunavut and Indonesia, interdisciplinary
approaches linking disparate and complementary indigenous knowl-
edge and scientific data have been used to estimate important changes
such as shifted dates of ice breakup and diet (Falardeau et al., 2022); this
information can also be used to reduce risk and improve disaster pre-
paredness (Hiwasaki et al., 2014). Indigenous practices in sustainable
management have been measured to estimate the extent of unsustain-
able resource extraction in Amazon peatland forests (Hidalgo Pizango
et al., 2022). Research, particularly in mountain ecosystems, is still
lacking on the long-term integration of regional practices and scientific
knowledge in resource management and appropriate activities.

Within the conceptual framework, we anticipated that the avail-
ability of fodder above 3400 m a.s.l., a crucial resource in the region as
indicated by previous studies (Yang et al., 2019; Schaller et al., 1987),
would exhibit spatial dispersion across elevation gradients. Through
ethnoecological surveys, we aimed to examine the consistency between
ecological indicators and local fodder management practices at both
spatial and temporal scales. Our innovative approach involved
analyzing the major phenological stages of these indicators using a
remote sensing dataset, while considering elevation gradients set at in-
tervals of 200 m. Additionally, we sought to explore potential variations
in the spatiotemporal patterns of ecological indicators’ phenological
stages under future climate scenarios. By integrating these findings, we
aimed to estimate the significance of indigenous grazing practices in
fodder management, based on ecological calendars, across the Pamir
Mountain complex. Furthermore, we aimed to anticipate and predict the
adjusted grazing strategies that will be necessitated by climate change
impacts. Therefore, the main objective of our research is to investigate
the role of ecological calendars in indigenous resource management
strategies for seasonal grazing in the Pamir Mountains and assess their
potential to adapt to climate change.

The research question addressed through this paper is: How does the
traditional ecological knowledge-based calendar system inform and
support sustainable seasonal grazing practices in the Pamir Mountains,
and how will these practices need to be adjusted in response to future
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climate change scenarios? By highlighting the sustainable rationale
behind the historical alpine pasture management practices employed by
indigenous communities, as guided by ecological calendars, and inves-
tigating how ecological indicators can inform grazing strategy adjust-
ments in response to future climate scenarios, our study provides
valuable insights into the sustainability of local resource management
and the potential for enhancing climate adaptation in mountain
ecosystems.
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2. Methods
2.1. Study area and description

The eastern Pamir Mountains are predominantly located in China’s
Taxkorgan County (71.33°~77.02°E, 35.62°~38.67°N), and this region
is the main settlement and birthplace for the Chinese Tajik people (Yang
et al., 2021). It is also a significant oasis place on the Silk Roads con-
nected to Tajikistan, Afghanistan and Pakistan (Fig. 1a). It averages
4000 m in elevation, with soaring glaciers and winding valleys (Fig. 1b).
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Fig. 1. Location of the study area in the Pamirs (a) with its elevation range (b), main vegetation types (c) and field interview sites (d).
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Its cold desert climate is overly frigid to support forests, and its fragile
ecosystem is highly sensitive to climate (Schaller et al., 1987). This re-
gion is dominated by an open alpine vegetation landscape, and trees are
present only in some valleys below 3400 m because of the weather
conditions (Schaller et al., 1987). The indigenous Tajik people make up
82.21% of the overall population (Bureau, 2018). Animal husbandry is
regarded as the most important activity for the Tajik people. They
migrate to different natural pastures along an elevation gradient ac-
cording to seasonal variations, thus ensuring an adequate fodder
resource supply (Liao et al., 2014). The pastures are mainly found in the
flat terrain of northern Taxkorgan at elevations ranging from approxi-
mately 3400 m-5000 m (Fig. 1).

2.2. Sampling sites and ethnoecological survey

This study considered eight communities located at different eleva-
tions to understand the variation in seasonal grazing practices based on
ecological calendars (Fig. 1d and Supplementary Table 1). Local activ-
ities, especially grazing activities during all seasons, were witnessed
during fieldwork (from November 2017 to August 2019), and focus
group discussions (FGDs) and semi-structured interviews were con-
ducted. Informants were asked to recall the seasonal and climatic vari-
ations in recent decades, how they performed their seasonal grazing and
how their indigenous observations helped with their activity arrange-
ments. Specifically, main questions of interviews included three parts:
(1) traditional knowledge regarding climate change awareness, natural
phenomena, cultural ceremony, and their occurrence time in each sea-
son; (2) the time periods and locations of seasonal grazing, as well as the
corresponding ecological indicators; (3) name of main fodder species
and their phenological periods, as well as variations of fodder amounts
in each season.

We conducted our surveys and interviews after obtaining permission
from the local authority and included only the indigenous people who
were willing to participate. To improve the quality of interviews and
overcome the barriers of communications with local people, staff of
Nature Reserve Administration with bilingual skills were invited as in-
terpreters. The FGDs consisted of community members with ages be-
tween 31 and 85, among whom village leaders were initially invited.
Then, leaders assisted us in organizing groups of knowledgeable elders
and younger people who routinely engage in grazing activities. All FGD
members are native to this region, where they have resided for gener-
ations. In this study, 57.5% of the total population was elderly (the
population aged over 60 years). These FGDs were conducted in 17 in-
dependent groups, of which each group consisted of seven to ten
members, all of whom were polled on different issues, including their
seasonal grazing schedule, farming calendar, social activities, and the
perception of ecological indicators. In addition, male members of FGDs
outnumber female members (approximately 7:3), as male members are
primarily responsible for seasonal grazing while female members are
constantly engaged in household activities. The semi-structured in-
terviews with knowledgeable people from the community were con-
ducted in the second round of the survey to obtain in-depth information
about their grazing lifestyles, local natural resources, and climate con-
ditions. In total 40 key informants shared their built-up knowledge
systems and life experiences.

Table 1
Main vegetation types with their primary formations in Taxkorgan County.

Vegetation type Primary plant formation

Desert steppe
Alpine desert
Alpine meadow
Wintry steppe

Stipa Linn.
Seriphidium rhodanthum (Rupr.) Poljak.
Kobresia Willd. mixed with Carex Linn.
Festuca L.
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2.3. Phenological analysis of elevation-based ecological indicators

There are four main natural vegetation types distributed in northern
Taxkorgan (Table 1 and Fig. 1c) that were confirmed via the mono-
graphy entitled Xinjiang Vegetation and Its Utilization that was coedited
by the Xinjiang Comprehensive Expedition Team, CAS and the Institute
of Botany, CAS (Xinjiang Comprehensive Investigation Team and C.A.o.
S. C.A. 0.S. Institute of Botany, 1978). Then, we obtained the vector data
of spatial vegetation types from the Resource and Environment Science
and Data Centre (http://www.resdc.cn/).

We used the MODIS (MOD13Q1, available from ref (Didan, 2015).)
16-day composite data at the original 250 m spatial resolution to extract
the NDVI data as a proxy for vegetation phenology and productivity for
the period of 2000-2019 (20 years, 457 images). The NDVI has been
shown to be closely related to vegetation conditions, and phenological
phases can be calculated accordingly (Hidalgo Pizango et al., 2022). We
extracted the NDVI values for each pixel and removed values less than
0.1 for each year following Piao et al. (2006a). The beginning, end, and
length of the growing season (hereafter, BGS, EGS, and LGS, respec-
tively), and the NDVI value throughout the growing season (hereafter,
gsNDVI) at an elevation gradient were then calculated as follows:

Elevation gradient setting: in accordance with grazing activities,
the NDVI data were extracted by setting a vegetation gradient every 200
m beginning at 3400 m a.s.l. for each vegetation type (Supplementary
Table 2).

Harmonic analysis of time series (HANTS): HANTS is widely
regarded as one of the most effective techniques for smoothing and
reconstructing remote sensing NDVI data (Wang et al., 2019). This study
draws on and alters the running code released by Mohammad Abouali
(2020) using the MATLAB (2020) platform, and the proper parameters
were determined through multiple efforts and settings (Supplementary
Table 3).

Equations (1) and (2) are the reconstructed mathematical expres-
sions based on remote sensing data:

nf
3(5) =ao+ Y _[a: cos(2afit;) + by sin(2afit;)] @

i=1

y(5) =5(1) +e(1) )

Where y, ¥ and ¢ are the original series, the reconstructed series and the
error series, respectively. ¢ is the time when y is obtained (observed),
where j =1, 2, ..., N, and N as the maximum number of observations
(samples) in a time series.

NDVI curve fitting using four-term of Fourier function: There
were various approaches that were used to fit the NDVI curves, and the
four-term of Fourier function was performed using the MATLAB plat-
form in this study, as followed in Equation (3). A high fitting precision
was found.

f(x)=a0+al = cos(x * @) + b1 = sin(x * @) + a2 * cos(x * @) + b2
# Sin(x * @) 4 a3 * cos(x * @) + b3 * sin(x * @) + a4 * cos(x * @) + b4
* sin(x * @)

3

where, x is the Julian date (i.e., January 1st is the first day of the year),
and a0, al, bl, a2, b2, a3, b3, a4, and b4 are the coefficients for each
curve.

Phenological stage calculation: the period of greatest increase and
decrease in the seasonal NDVI time series was designated BGS and EGS,
respectively, and the time difference between the EGS and LGS was
designated the LGS. Then, the NDVI value throughout the growing
period was calculated. We implemented the annual NDVI curves at 1-
day intervals for each grid using Equation (4) (available from ref (Piao
et al., 2006b).):
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NDVl,4i,(t) = [NDVI 41y — NDVL,] / NDVI, 4
where t is the time. We then used the timing of the greatest NDVI change
values of NDVI,4;,, to determine the average onset dates of vegetation
green-up and dormancy.

2.4. Future phenological trend simulation

Temperature is the primary driver of phenological variations in plant
species (Guo et al., 2015). In light of the fact that plant species at high
latitudes or altitudes are especially sensitive to temperature signals
(Christian, 2004), especially in regions experiencing rapid temperature
increases (Yu et al., 2010), such as the Pamir Mountains, temperature
was used for future simulations in this study. Additionally, as it is largely
immune to biases caused by collinearity (Lindner et al., 2022), the
random forest algorithm was used with variables of the historical 1-km
monthly maximum and minimum temperature datasets (2000-2017)
(Shouzhang, 2020a, 2020b), and then it was used to predict the changes
in phenological characteristics with future climatic data derived from
WorldClim (https://worldclim.org) in the SSP126 and SSP585 scenarios
(2021-2040). The Shared Socioeconomic Pathways (SSPs) are scenarios
of expected worldwide socioeconomic developments up to the year
2100. They are used to generate scenarios for greenhouse gas emissions
under various climate policies. It describes a set of plausible societal
development trajectories based on five narratives describing alternative
socioeconomic developments, such as sustainable development,
regional rivalry, inequality, fossil-fueled development, and
middle-of-the-road development (Riahi et al., 2017), in which the
SSP126 and the SSP585 are based on RCP scenarios with low (2.6 W/m?)
and high (8.5 W/m?) radiative forcing by the end of century, respec-
tively. (Detailed information is provided on the website: https://www.
carbonbrief.org/cmip6-the-next-generation-of-climate-models-explaine
d/). To ensure the effectiveness of the predictive model, historical data
were divided into training data (75%) and test data (25%), and Pearson

Correlation: gsNDVI
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correlation analysis between predictive and actual data was highly
consistent (p < 0.01 for all vegetation types, Fig. 2), indicating that the
predictive results were reliable. In addition, we used a model accuracy
analysis using the percentage variance explained in out-of-bag (OOB)
prediction by random forest. The “percentage variance explained” is the
most relevant statistic that represents a proxy for the model R%, which
could be determined to assess the performance of the random forest
regression method (Everingham et al., 2016). It performed well in our
analysis, with percentage variance explained (model RZ) values of
64.08% for BGS, 46.76% for EGS, 60.07% for LGS, and 58.33% for
gsNDVI of the entire vegetation types. The variable importance plots
(VIPs) for all phenological stages varied (Supplementary Fig. 2).
Random forest was implemented in R (version 4.0.2) using the “ran-
domForest” and “varSelRF” packages.

The flowchart used in this study is provided in Supplementary Fig. 1.

3. Results

3.1. Ecological calendar-based livestock migration in fodder resource
management

As a useful tool in the recognition of timing and space, the Tajik
ecological calendar was divided into 36 segments in accordance with the
local date-setting norms, and the criteria were as follows: there are four
seasons and 12 months for one year based on the Gregorian Calendar
and each has its own nomenclature. One month is further divided into
three segments: “Most Kolor” in the Tajik language is from the 1st to the
10th of each month, “Most Muzone” is from the 11th to the 20th, and
“Most Alhithe” is from the 21st to the last day of the month (Supple-
mentary Table 4), and this segmentation can make activities more
flexible. As such, we divided one ecological calendar into 36 segments
(approx. 10 days). A meaningful festival called the “Shaw Gong Bahar
Festival” (celebrated on 21 March) is regarded as the onset of livelihood
activities.
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Seasonal grazing was essential, constituting the majority of local
activities. The Tajik people traveled two to four times a year to seasonal
pastures to meet fodder needs based on local observations of indicators.
Seasonal pastures designated Wook Ailagh (spring pasture), Minch Ailagh
(summer pasture), Peaze Ailagh (autumn pasture) and Zemstoon Ailagh
(winter pasture) were spread in accordance with elevation gradient (see
Fig. 3). Summer pastures were at the highest elevation, close below the
snowlines at elevations generally above 4400 m; spring and autumn
pastures were at mid-elevations (same or different locations), at approx.
3800-4400 m; and winter pastures were at a lower elevation (Fig. 3b).
During late summer and autumn, they collected fodder to stall-feed
livestock during winter. It was also found that certain communities
never moved to spring and/or autumn pastures; rather, they returned to
their settlements from summer pastures, as exceptions. In general, the
sequential segments for remaining in seasonal pastures were assigned as
follows: 9th to 15th in spring pastures, 16th to 25th in summer pastures,
26th to 31st in autumn pastures, and the remainder of the period in
winter pastures or their own settlements (Fig. 3a). Additionally, crop
cultivation was practiced secondarily by villages located at lower ele-
vations (mainly below 3500 m). In addition, making yoghourt and
butter were interspersed during those activities (Supplementary Fig. 3).

Fodder phenology was regarded as the primary and crucial indicator,
i.e., taking seasonal grazing in accordance with variations in fodder
growth conditions. Beyond this, animal behavior, annual geological
events, and hydro-climatology were indicators used to determine when
to start other livelihood activities during the ecological calendar (Sup-
plementary Fig. 3). The color and growth condition of fodder were
recognized to determine the proper time to move from one pasture to
another. According to our recorded information, the timing of migration
up to spring pastures (mid-elevations) was determined by the earlier
appearance of light green (grass reviving), with the grass height of
nearly one to two knuckle widths (Supplementary Fig. 4a). When
migrating to summer pastures (high elevation), the height of grass grew
as high as three to five fingers under the best growth condition year
round (Supplementary Figs. 4b and 4c). When migrating down to
autumn pastures, the fodder grass in autumn pastures had relatively
favorable growing conditions, whereas the quantity of fodder grass in
summer pastures declined significantly; additionally, the time of retreat

21 16
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was determined by the yellowing and wilting of the fodder grass. Thus,
the fodder grass phenology was carefully integrated with modern sci-
entific monitoring technologies.

3.2. Spatiotemporal variations in fodder phenology fit well with ecological
calendar-based grazing activity

To gain a better understanding of the documented grazing pattern
and its underlying rationale at both temporal and spatial scales, we
quantified the phenology of pasture using satellites and correlated it
with local grazing activities. We used metrics of vegetation productivity
(Moderate Resolution Imaging Spectroradiometer (MODIS) Normalized
Difference Vegetation Index (NDVI) data) from 2000 to 2019 to calcu-
late the beginning, end and length of the growing season (abbreviated as
BGS, EGS and LGS, respectively), as well as the NDVI value in the
growing season (gsNDVI), which indicates vegetation coverage and
condition (Methods and Supplementary Table 5). Harmonic analysis of
time series (HANTS) and Fourier functions were used to smooth and fit
curves, and phenological stages were therefore calculated as shown in
the Methods.

Since the Tajik ecological calendar was in 36 segments using the
local method, we calculated the 10-day average phenological values
accordingly and compared the results with the spatial characteristics of
seasonal grazing (Fig. 4a). In general, we observed pronounced pheno-
logical consistency in vegetation types and their elevation-based distri-
bution. When grazing on spring pastures (9th-16th/10-day), fodder
grass revival (BGS) occurred earliest at the mid-elevation range of 3800-
4400 m with BGS day of the year (DOY) mean values of approximately
120.22, 132.70, 121.05, and 119.15 for desert steppe, alpine desert,
alpine meadow and wintry steppe, respectively (Supplementary
Table 6). Meanwhile, the NDVI values reached relatively higher levels at
these elevation ranges (0.10, 0.09, 0.12 and 0.10, respectively), indi-
cating better vegetation growth and health conditions at those elevation
scales (Supplementary Table 7). When migrating to summer pastures
(16th-26th/10-day), we discovered a remarkable consistency pattern
for all vegetation types: at the time of grazing, the NDVI values increased
rapidly and peaked at the highest elevation ranges (>4400 m), with the
highest NDVI values of (on average) 0.28, 0.24, 0.36 and 0.32,

Elevation

3800 \‘

Ecological Calender

spring pasture

summer pasture

®)

autumn pasture

Fig. 3. Seasonal grazing based on the ecological calendar: 9th-15th to spring pasture, 16th-25th to summer pasture and 26th-31st to autumn pasture with different
fodder grass conditions (a), and spatial characteristics of grazing activities with elevation (b).
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Fig. 4. Phenological characteristics in the form of ecological calendar-based grazing (a), variations in fodder grass conditions were highly fit with the grazing activity

that migrates along with elevations for an adequate fodder supply (b).

respectively, which were significantly greater than those in other
elevation ranges (Fig. 4 and Supplementary Table 7). In contrast,
migrating to autumn pastures (26th-31st/10-day) was always accom-
panied by the NDVI values of summer pastures declining rapidly, indi-
cating poorer vegetation coverage and growth conditions, whereas the

values in autumn pastures were relatively higher, with specific values of
(on average) 0.13, 0.13, 0.15 and 0.14, respectively. The NDVI values of
autumn pastures may not be as high as those in lower elevation ranges
(see Supplementary Table 7); however, they maintained a later withered
and yellow period (EGS) with DOYs of approximately 280.07, 265.78,
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275.93 and 282.00, indicating a longer fodder resource supply with
relatively better grass conditions (Supplementary Table 8).

3.3. Modeling future changes: they may have to spend a longer time in
summer pastures

It was indicated that the Tajik people used their ecological calendars
to accurately identify ecological indicators that could help them conduct
their seasonal grazing, which was highly consistent with seasonal pat-
terns of fodder phenology. However, their grazing patterns might be
impacted by the changing climate in the future. The relationship be-
tween the phenological features of the indicator and the corresponding
climatic drivers was used to model their potential changes in the shared
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socioeconomic pathway (SSP) SSP126 and SSP585 scenarios using the
random forest algorithm (Methods). Overall, the predicted changes in all
vegetation types in varied elevation ranges would change markedly
(Fig. 5).

Considering the basic elevation structure of grazing pastures, as
stated previously, the timing of the initial migration was determined by
the fodder BGS in spring pastures. Using the SSP126 scenario as an
example, we found that, on average, the BGS would be delayed by 6.01,
3.08, 4.27 and 3.01 days in the elevation range of 3800-4400 m (Sup-
plementary Table 9). In contrast, the BGS of all vegetation types at el-
evations above 4400 m would occur 8.00, 2.27, 4.87 and 5.77 days, on
average, earlier, indicating that fodder supply will be available on
summer pastures earlier than that under the current climate scenario. In
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Fig. 5. Potential variations in the BGS and EGS of seasonal pastures at various elevations (a). It was expected that the BGS would occur earlier and the EGS would be
delayed in summer pastures (>4400 m), indicating that indigenous people may need to spend more time ensuring an appropriate fodder supply (b).
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addition, it was confirmed that the EGS in autumn pastures was the
determinant for returning. However, at elevations between 3800 and
4400 m, the EGS will primarily occur 4.50, 5.19, and 2.37 days earlier in
desert steppe, alpine meadow, and wintry steppe, respectively, and just
1.64 days later in alpine desert. In contrast, the EGS will be obviously
delayed at elevations above 4400 m by 8.15 and 8.40 days in desert
steppe and wintry steppe, respectively, and will occur earlier just 2.54
and 0.17 days earlier in the remaining vegetation (Supplementary
Table 10). In summary, the occurrence of earlier and longer growing
seasons will increase the availability of fodder resources at elevations
above 4400 m. In addition, the coverage and growth conditions reflected
by the gsNDVI values would change by approximately +£0.01 (Supple-
mentary Tables 9 and 10), which would not significantly change the
predominant patterns of fodder supply. Potential changes in the SSP585
scenarios would be comparable to those in SSP126, which are detailed in
Supplementary Tables 9 and 10.

4. Discussion

By combining ethnoecological survey data, time-series remotely
sensed information and dynamic simulation, we generated an extensive
dataset of this novel ecological indicator correlating with the ecological
calendar to explore the rationale underlying traditional grazing prac-
tices of historical resource management over the eastern Pamir Moun-
tain complex. According to our understanding, research on traditional
resource management methods and ecological calendars in the moun-
tains is scarce, even though researchers have long been interested in
mountain community livelihoods and the effects of climate change on
mountain ecosystems (Knight et al., 2022). In addition, research inte-
grating knowledge on seasonal activities and spatial data of vegetation
phenology is the first of its kind. Our research on the seasonal grazing
practices in the eastern Pamir Mountains provides numerous insights
into the indigenous management practices for managing fodder re-
sources, the justification for these sustainable adaptations, and the
adaptability of this seasonal grazing in the face of climate change.

Millions of people in rangelands depend directly on livestock raising
for their livelihoods (Gillson and Hoffman, 2007). In March 2022, the
United Nations (UN) declared 2026 the International Year of Rangelands
and Pastoralists ((FAO) F.a.A.0.0.t.U.N, 2022), reflecting the significant
role of rangeland and fodder resource management play in creating a
sustainable environment, economic growth and resilient livelihoods for
communities around the world. Grazing systems provide approximately
30% and 6% of the world’s ruminant meat and milk, but are frequently
located on land that is unsuitable for cropping (Herrero et al., 2013),
similar to the Pamir Mountains. However, it was projected that the
global mean herbaceous biomass could decline by 2050 under RCP 8.5,
which may result in a decline in mean biomass for large portions of
rangeland due to climate change (Godde et al., 2020). Climate-related
challenges to fodder resources may negatively impact actors
throughout the livestock supply chain (Godde et al., 2021), and the
availability, quality, affordability, safety and sensory appeal of livestock
products will be partly impacted (Hallegatte and Rozenberg, 2017). In
addition to climate change trends, interannual variability in fodder
availability is also a concern for mountain grazing activity, and those
effects will continue to lead to shifts in the grazing area as well as
changes in seasonality (Godde et al., 2021). Additionally, under various
climate change scenarios, by 2050 animals in the low to mid elevation
regions of Xinjiang will also experience heat stress throughout the
summer. Heat stress will be another destructive element that could
damage livestock productivity (Ranjitkar et al., 2020). Thus, it would be
safer for local herders to spend more time at summer pasture located at
higher elevation during this time. In the future, staying longer in the
summer pasture is suggested by our forecast that integrate traditional
ecological knowledge and spatial dataset.

To take advantage of the spatial and temporal variation in limited
fodder availability, grazing mobility and appropriate resource
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management have been crucial. However, existing adaptation strategies
to changes in the availability of fodder across ecological, socioeconomic,
and institutional systems and coping ranges are insufficient at the local
community level (Fernandez-Giménez and Fillat Estaque, 2012). Pre-
vious studies have highlighted the key adaptive capacity characteristics
of people in grazing systems, demonstrating that indigenous knowledge
of diverse resource management was one of the key channels (Godde
et al., 2021). The effectiveness of indigenous knowledge in resource
utilization and management (Selemani, 2020) and climate adapted ac-
tions (Falardeau et al., 2022) has been proven. Our documentation of the
ecological calendar and the observed specific practices component are
exhibited at both temporal and spatial scales, as similarly documented in
previous studies (Yang et al., 2021; Mondragon, 2004). In the case of the
eastern Pamir, seasonal grazing practices are likely to indicate a specific
action of resource management, and it was proven that indigenous
people of other regions take similar actions (Kassam et al., 2018; Liao
et al., 2014). This seasonal grazing practice is sustainable, which can be
largely explained by their relationship with vegetation dynamics on the
pasture lands. Moreover, being mobile not only allows indigenous
people to maximize the forage use throughout the year, but also avoids
the excessive utilization of resources at one location (Liao et al., 2014;
Barrow et al., 2007). Indigenous people are aware about availability of
resources using their knowledge of ecological calendar system, and this
practice can also provide the opportunity for plant to have regular
growth and maintain their population. In the face of changing climate,
ecological calendars will be easily adjusted because of their high
sensitivity to climate: changes in fodder phenology are translated into
the time and coverage degree of phenological phases that occur. The
year-round grazing practices demonstrate a profound understanding of
resource distribution and regenerative cycles. As a result, grazing ac-
tivity can “follow” the changes in fodder condition. In order to be more
sustainable and effective, future seasonal grazing policies must be built
on the long-established relationships between grazing patterns and
vegetation dynamics as shown in our study. Previous research has
demonstrated the significance of phenology in traditional agricultural
practices (Hufkens et al., 2019), particularly in communities residing in
mountains, which have experienced an increase in fodder demand (Mu
et al., 2016).

The local community at Pamir and other mountain communities
could benefit from the integration of the ecological calendar and
scientific data. Fodder phenology that is translated into spatiotemporal
features is relatively easy to monitor by modern techniques (Piao et al.,
2019). Associated phenological variations are primarily impacted by the
climate in mountain regions, as stated by previous research (Vitasse
et al., 2018). However, deep integration of such an indicator into agri-
cultural guidance necessitates a more precise evaluation, including a
broader range of knowledge systems (including indigenous knowledge)
and a precise quantification procedure (Levy et al., 2000). Our findings
provide a fresh perspective on how to quantify resource management
patterns performed by indigenous communities. On larger spatial scales,
potential phenology trends are typically observed not only in the eastern
Pamirs, but also in mountains with extensive alpine vegetation (Yu et al.,
2010; Piao et al., 2019). These potential changes reflect the future
effectiveness of ecological indicators as a tool for managing fodder re-
sources in mountains (Wang et al., 2018), as well as the significance of
using indigenous knowledge continuously (Fu et al., 2012). Climate
change-induced pressure on mountain resources can be both direct (for
example, upshifting of distribution area, earlier/later phases in
phenology) (Liu et al., 2018) and indirect (for example, habitat loss due
to expansion of agricultural land because of a more suitable crop
cultivar) (Yang et al., 2021) and may be related to other driving factors,
for example, population growth and species invasiveness. In most
remote mountain areas, climate warming has been identified as a
dominant limiting factor, leading to an extension of the vegetation
growing season at high elevations (Hu et al., 2010), which was sup-
ported by our findings. With such knowledge integration, limited
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resource management and food security could be achieved (Kassam and
Bernardo, 2022) by proactively identifying current and future risks and
hazards, monitoring environmental changes, and adjusting livelihood
styles (e.g. pasture management and crop cultivar adjustment) (Klenk
et al., 2017).

5. Policy implication

Indigenous peoples in high mountain pastoral regions, such as the
eastern Pamirs, rely heavily on natural fodder resources for their sub-
sistence. However, due to the limited availability of mountain resources
and climate change, sustainable management of mountain ecosystems is
crucial (Wu et al., 2023). The results of adapt to environmental change
as usual without integration of modern scientific evidence may not al-
ways be beneficial. Sustainable management policies should not only
benefit the mountain ecosystems but also consider indigenous people’s
lifestyle. The demands of indigenous people for survival and develop-
ment using their own traditional manage systems must be respected.
Analyzing the traditional ecological calendar-like management system
and scientifically validating the existing practices will help create
awareness of sustainable mountain resource management and specify
strategies for adapting to future climate.

Therefore, the following policies could be taken:

(a) Recognition and support of indigenous knowledge and practices:
policymakers should recognize and support the use of indigenous
knowledge and practices in the management of natural resources,
focus on increasing the utilization efficiency of natural fodder
resources, and positively adapt to the environment using tradi-
tional lifestyles with scientific strategies while protecting the
mountain ecosystem.

Promotion of sustainable grazing practices: this study shows that
seasonal grazing practices in the Pamir Mountains are crucial for
sustainable livestock keeping. Thus, policymakers should pro-
mote sustainable grazing practices and discourage overgrazing,
which can lead to degradation of pastures.

Integration of ecological calendars in resource management: this
study demonstrates the effectiveness of using ecological calen-
dars in managing seasonal grazing and predicting changes in
fodder phenology. Therefore, policymakers should consider
integrating ecological calendars in resource management plans
and encourage their use among local communities.

(b)

(c

~

6. Research limitations and future works

Even though this study has made significant contributions to sus-
tainable mountain resource management, which provides valuable in-
sights into the role of ecological calendars in managing seasonal grazing
and adapting to climate change, it also has several limitations that can
be addressed in future research.

Firstly, although we conducted multiple rounds of interviews in
various forms, conducted participatory surveys in seasonal pastures for
several years, and incorporated modern scientific evidences, it does not
explore other factors that may also influence grazing patterns, such as
changes in land use or economic factors. In the future, based on this
research, we will select and incorporate appropriate socioeconomic
factors to enhance our understanding of the rationale behind sustainable
mountain resource management.

Secondly, this study was unable to obtain sufficient other bioclimatic
variables along with elevation gradient, such as photoperiods, despite
the fact that previous research had demonstrated that temperatures is
the most significant factor affecting vegetation phenology (Guo et al.,
2015; Yu et al., 2010), and our study used the same factors. In the future,
long-term tracking surveys will be required to acquire a greater variety
of elevation-based bioclimatic factors to develop future strategies with
greater precision. In addition, it is necessary to include new study areas
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and expand the survey’s scope.
7. Concluding remarks

The main source of income for the Tajik people of the eastern Pamir
is livestock keeping, seasonal grazing is an important annual activity,
and the communities continue to use fodder phenology phases as an
ecological indicator for managing grazing and seasonal migration. Our
research shows that seasonal fluctuations in fodder grass phenology
greatly support the indigenous strategy of seasonal migration. Addi-
tionally, we correctly predicted potential changes in the phenology of
fodder in the future, indicating that summer pastures will serve as a
source of fodder for a longer period. To use resources sustainably and to
help mountain ecosystems adapt to climate change, our study offers
strong scientific evidence in support of indigenous resource manage-
ment approaches. In addition, the obvious advantages of using ecolog-
ical calendars to maintain a sufficient supply of sustenance for
indigenous communities will be encouraged at the local level. These
findings show the potential of indigenous knowledge in preserving cli-
matic adaptability and the viability of indigenous management practices
for sustainable resource usage in mountain ecosystems that can be
adopted in other mountain regions in the world. The findings show how
indigenous people have sustainably used the scarce natural resources in
mountain ecosystems and how a thorough comprehension of the un-
derlying logic can be used to design a strategy for improved climatic
adaptation policies.
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