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Abstract

Mountain rangelands are vital for forage supply, biodiversity, and the carbon cycle. This research aimed to
forecast the long-term grazing capacity of summer rangelands in the Arshad Chaman Kandovan Sahand area
and assess climate change effects on vegetation production and cover. Data were gathered from six transects
over 16 years (2006-2021). Vegetation measurements included canopy cover and forage yield across three
palatability categories (I, 1I, III), along with soil surface conditions. Climate data—covering minimum,
maximum, and average temperatures and precipitation—were sourced from Tabriz, Sahand, and Maragheh
stations and analyzed with SPI and SPEI drought indices. GCM data were downscaled using SDSM under
RCP scenarios. Machine learning models such as XGBoost, Random Forest, and Linear Regression then
simulated grazing capacity. Results showed forage production decreased from 1250 kg/ha in 2006 to 1054
kg/ha in 2021, a 15.6% decline. Similarly, available forage reduced from 408.2 to 316.7 kg/ha, a 22.4% drop.
Consequently, short-term grazing capacity fell from 7.3 to 5.7 Animal Unit Months per hectare (AUM/ha).
For future projections, the XGBoost model (R? = 0.96) estimated a 3.5% decline by 2051, while the Random
Forest model (R? = 0.85) predicted a 3.0% decrease. Based on these outcomes, reducing livestock numbers
by about 20% by 2051 is recommended. Additionally, vegetation improvement programs—such as seeding
and grazing management—should be implemented with local community participation, along with ongoing
monitoring.
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Extended Abstract

Introduction

Climate change is the leading environmental challenge of this century, causing widespread harm to
ecosystems, especially vulnerable arid and semi-arid mountain rangelands (15). Sensitive ecosystems like
Iran's Sahand rangelands offer essential services such as forage and carbon storage, but climate change is
causing biodiversity loss and water shortages, evidenced by declining habitat quality and productivity in
Sahand (3, 6, 20). Human activities like overgrazing worsen these effects by speeding up habitat degradation
and soil erosion (7). The threat is complex: altered rainfall patterns reduce water availability, increasing plant
death risk, while rising CO: levels trigger unpredictable changes in plant physiology and community
makeup, harming forage quality and ecosystem stability (3, 4, 12). Remote sensing consistently shows a
clear link between less rainfall, lower vegetation health, and reduced forage yield (14). These overlapping
pressures highlight the urgent need for advanced predictive tools to support proactive and adaptive
management. This study hypothesizes that climate change has already decreased forage production and
grazing capacity significantly, and that machine learning models can accurately project future trends. It
combines sixteen years of detailed field data on vegetation and forage with climatic variables and future
climate scenarios from the statistical downscaling model (SDSM) under RCPs. The study compares the
performance of three machine learning algorithms—XGBoost, Random Forest, and Linear Regression—to
simulate and forecast grazing capacity changes. This comprehensive, data-driven approach aims to provide
reliable projections to guide resilient management strategies and protect these ecosystems from ongoing
climate pressures.

Materials and Methods

The research took place in the summer rangelands of Arshad Chaman, situated in the Sahand mountains of
East Azerbaijan province in northwestern Iran (see Fig. 1). The study area spans about 280 hectares, located
between longitudes 46°17" and 46°21" E and latitudes 37°42" and 37°44’ N, with an elevation range of 2700
to 3420 meters above sea level. A hybrid approach was used in this study, combining 16 years of field data
from 2006 to 2021 with climate modeling and machine learning techniques to analyze ecological and
climatic relationships and to predict grazing capacity over the long term. Vegetation data were harvested
through field sampling, focusing on three main sources: vegetation, climate, and satellite imagery.

Field measurements were taken along six permanent 100-meter transects, each with ten 1-m? plots.
Parameters recorded included total vegetation cover, cover by palatability classes I, 11, and 111, as well as bare
soil, litter, stone, gravel cover, plant density, and forage production. Forage production was effectively
estimated using the double-sampling method: direct clipping in 15 reference plots established a regression
between canopy cover and dry weight, which was then used to estimate production in the remaining 60 plots.
The annual allowable utilization rate was set at 40% based on range condition, trend, and erosion risk class
throughout the study period (Table 1) (6, 27). Additionally, 16-year historical data from the East Azerbaijan
Agricultural and Natural Resources Research Center supported the field findings.

Historical meteorological data, including temperature and precipitation from the Tabriz, Sahand, and
Maragheh stations, were collected. These data were processed to calibrate the SDSM model for future
climate projections under various RCP scenarios. Additionally, drought indices like SPI and SPEI, along with
NASA satellite-derived climate data, were integrated into the study.

Grazing capacity for the short term was estimated annually. Forage availability was calculated by
multiplying the total annual yield by either the allowable utilization rate or the palatability coefficient,
whichever was lower. The daily dry matter intake for the dominant Qezel sheep, weighing 71.6 kg, was
estimated at 2% of their live weight, following range nutrition standards (6). Monthly grazing capacity,
expressed as sheep per hectare per month, was then determined using the standard formula. For the long-
term simulation, a detailed database comprising 35 ecological, climatic, and remote sensing parameters was
created. These included canopy cover by palatability class, production levels, NDVI, seasonal temperature
and precipitation, and drought indices. Three predictive models—Simple Linear Regression, RF, and
XGBoost—were developed and compared (11).

Model robustness was assessed through repeated random sub-sampling validation. In 10 independent runs,
70% of the data was randomly used for training and 30% for testing (18). The model's predictive accuracy
was measured using R?, RMSE, and MAE. This thorough validation method provided dependable and
unbiased estimates of the model's ability to predict grazing capacity under future climate scenarios.
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Results and Discussion

The floristic composition, including species in palatability classes I, II, and III, is detailed in Table 2. Field
data from 2006 to 2021 (Table 3) showed a strong correlation of 0. 99 between forage production and
available forage within each class. Although total forage had a positive correlation of 0. 95 with mean
production, Classes I and III were the main factors influencing available forage. The ecosystem remained
relatively stable with some yearly fluctuations. However, a notable decline in Class III forage from 164 to
121kg/ha indicates increased pressure on less palatable species. During this period, a significant climate
change was observed (Table 4), with mean annual temperature rising by 0. 87 ° C and precipitation falling by
61. 6 mm over 16 years. Using the SDSM model under RCP 8. 5 projections (Table 5), it is predicted that by
2100, precipitation will reduce by 52% and average temperature will increase by 2. 68 ° C.

These climatic shifts have directly affected rangeland productivity: total forage production fell by 15. 6%,
and available forage decreased by 22. 4%, which reduced short- term grazing capacity from 7. 7.3 to 5. 5.7
Animal Units per Month per hectare (AUM/ha) (Table 6). Long- term models foresee a further 4% decrease
in grazing capacity by 2051 under RCP 8. 5 (Table 7). Among the predictive machine learning models tested,
XGBoost outperformed others with an R 2 of 0. 96 and RMSE of 0. 32, surpassing Random Forest and
Linear Regression (Table 8).

This research underscores the high sensitivity of mountain rangelands to climate change, shown by the
correlation between rising temperatures, decreasing precipitation, declining NDVI, and negative SPEI
drought indices. The use of advanced models like XGBoost was critical for capturing the complex, non-
linear relationships between climate variables and ecological responses. Based on these findings, urgent
adaptive management strategies are necessary. Recommendations include a 15% reduction in livestock by
2051, community- based restoration programs targeting resilient species, and improved monitoring through
remote sensing indices such as NDVI and SPEI. Efficient water management, including runoff harvesting, is
vital to counteract expected rainfall declines. An integrated approach combining scientific monitoring,
predictive modeling, and participatory management is essential to ensure the long- term resilience and
sustainability of these vulnerable ecosystems amid ongoing climate change.

Keywords: Allowable use, Forage production, Data-driven models, Downscaling, Emission scenarios.
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Fig 1. A map showing the study area's location within the province and country.

Table 1. Utilization rate limits of the study area (2006-2021)

Range Condition Trend Erosion Suitability Class  Allowable Utilization Rate %
Good or Excellent  Positive or Stable S1 or S2 40
Good or Excellent Negative S1 or S2 35
Fair Positive or Stable S1 30
Fair Positive or Stable S2 25
Fair Negative S2 20
Fair Positive or Stable S3 20
Fair Negative S3 15
Poor Positive or Stable S2 20
Poor Negative S2 15
Poor Positive or Stable S3 15

Poor Negative S3orN 0
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Table 2. Floristic list of the study area, including the palatability classes of the species studied.

Scientific Name Family Growth Form Palatability Class

Achillea cuneatiloba Boiss. & Buhse Astraceae Broadleaf herbaceous I
Aethionema trinervium (DC.) Boiss. Cruciferae Broadleaf herbaceous I
Alopecurus textilis Boiss. Poaceae Graminoid 1T
Arenaria dianthoides Sm. Caryophyllaceae  Broadleaf herbaceous 1T
Arenaria gypsophiloides Sm. Caryophyllaceae  Broadleaf herbaceous I
Astragalus aureus Willd. Fabaceae Shrub 111
Astragalus pinnetorum Fabaceae Broadleaf herbaceous I
Bunium microcarpum Freyn & Bornm. Apiaceae Broadleaf herbaceous 1
Bornm.

Bromus tomentellus Boiss. Poaceae Graminoid I
Cirsium haussknechtii Boiss. Astraceae Broadleaf herbaceous I
Delphinium speciosum M.Bieb. Ranunculaceae Broadleaf herbaceous I
Festuca ovina L. Poaceae Graminoid I
Festuca rubra L. Poaceae Graminoid I
Gagea confusa (Salmaki & Zarre) Liliaceae Broadleaf herbaceous 1
Helichrysum psychrophilum Boiss. Astraceae Broadleaf herbaceous 1
Helychrisum globiferum Boiss. Astraceae Broadleaf herbaceous 11
Onobrychis cornuta L. Fabaceae Shrub 11
Papaver orientale L. Fabaceae Broadleaf herbaceous 11
Poa araratica Gand. Poaceae Graminoid 1T
Polygonum alpestre C.A.Mey. Polygonaceae Broadleaf herbaceous 111
Tanacetum chiliophyllum Fisch. & C.A.Mey.  Astraceae Broadleaf herbaceous I
Taraxacum azerbaijanicum Soest Astraceae Broadleaf herbaceous I
Thymus kotschyanus Boiss. & Hohen. Lamiaceae Shrub 11
Thymus trautvetteri Klokov & Des.-Shost. Lamiaceae Shrub 11
Tragopogon marginatus Boiss. & Buhse Astraceae Broadleaf herbaceous I
Veronica orientalis Mill. Scrophulariceac  Broadleaf herbaceous 11

Table 3. Production levels and forage availability across different plant classes in the study area.

Production of Plant Classes

Available Forage by Plant

Erosi A kg/ha Class Total
rosion vg. .
Year C([){s;i%ii)n Trend Cagzlibility AH%V::ble Produftion Class 1 Class II Class TII Class I Class Class III A;/g;l:é);e
ass kg/ha Plants  Plants Grazable Plants I Grazable kg/ha
Plants Plants  Plants
2006 Good Positive S2 40% 1249.81 7413 993 409.2 1483 298 163.7 408.2
2007 Good Positive S2 40% 1120.6 613.1 126 3815 122.6 37.8 152.6 359.3
2008 Good Positive S2 40% 1100.6 579.2 1327 388.7 1158 398 1555 349.2
2009 Good Positive S2 40% 1022.9 576 105.1 3419 1152 315 136.8 330.3
2010 Good Stable S2 40% 1107.46 6259 1484 3332 1252 445 133.3 361.5
2011 Good Positive S2 40% 1157.56 681.2 96.6 379.8 1362 29 151.9 377.4
2012 Good Positive S2 40% 1159.82 638.5 1302 391.2 127.7 39.1 156.5 372.7
2013 Good Stable S2 40% 1086.68 5909 1225 3732 1182 36.7 1493 347.8
2014 Good Negative S2 35% 1099.83 617.7 1145 3674 1235 344 1469 324.0
2015 Good Stable S2 40% 1144.24 651 167.7 325.6 1302 503 130.2 375.8
2016 Good Stable S2 40% 1162.7 631.8 1649 366 126.4 49.5 146.4 375.4
2017 Good Stable S2 40% 1167.59 735.5 87.1 345 147.1  26.1 138 389.3
2018 Good Stable S2 40% 1159.82 638.5 1302 391.2 127.7 39.1 156.5 372.7
2019 Good Negative S2 35% 1143.88 629.7 1279 3863 1259 384 1545 336.0
2020 Good Negative S2 35% 1038.42 567.9 1132 3572 113.6 34 142.9 304.2
2021 Good Negative S2 35% 1054.23 613.4 138 3029 1227 414 1211 316.7

The palatability percentage of annuals and Class I plants was considered to be > 50% across all rangeland conditions. For Class II
and Class III plants, palatability was considered as 30% and 20%, respectively (6).
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Table 4. Climate change trends in the Sahand region from 2006 to 2021
Variable Initial Final Absolute Change Change %
Mean Temp °C 13.42 14.29 0.87 +6.1
Min Temp °C 8.15 8.65 0.5 +5.8
Max Temp °C 19.47 20.53 1.06 +5.2
Precipitation mm 305.15 243.6 -61.55 -25.3
Temp= Temperature
Table 5. Forecasting Climate Parameter Variations by 2100 with the SDSM Model
Variable Observed RCP2.6 RCP4.5 RCP8.5 Abs Change Change %
Mean Max Temp °C 18.16 19.85 20.23 21.44 3.28 +15.3
Mean Min Temp °C 12.31 13.82 14.14 15.26 2.95 +19.4
Mean Temp °C 747 8.95 9.13 10.15 2.68 +26.4
Temp= Temperature
Table 6. Yearly variations in vegetation cover, climate factors, and grazing potential.
Total Vegetation Total Forage Available Precipitation Temp Grazing
Year Cover % Production Forage mm °C SPEI NDVI Capacity*
2006 69.12 1249.81 408.2 305.13 13.42 -0.243 0.173 7.3
2007 69.35 1120.6 359.3 229.95 12.71 -0.334 0.164 6.4
2008 66.18 1100.6 349.2 171.53 13.24 -1.877 0.125 6.3
2009 57.96 1022.9 330.3 241.91 13.09 -1.147 0.141 5.9
2010 62.4 1107.46 361.5 183.92 14.93 -0.298 0.177 6.5
2011 65.2 1157.56 377.4 283.23 12.37 -0.962 0.169 6.8
2012 69.09 1159.82 372.7 217.19 13.43 -0.943 0.191 6.7
2013 65.15 1086.68 347.8 262.54 12.89 -1.078 0.181 6.2
2014 62.37 1099.83 324.0 313.98 13.68 0.81 0.166 5.8
2015 64.37 1144.24 375.8 282.64 13.61 -0.096 0.19 6.7
2016 66.68 1162.7 375.4 290.97 12.87 0.152 0.197 6.7
2017 62.39 1167.59 389.3 204.36 13.35 -0.852 0.141 7.0
2018 69.09 1159.82 372.7 388.74 14.66 -0.121 0.199 6.7
2019 67.06 1143.88 336.0 264.99 13.59 1.072 0.168 6.0
2020 60.22 1038.42 304.2 345.66 12.98 0.137 0.155 54
2021 58.82 1054.23 316.7 243.6 14.29 -0.768 0.151 5.7

* Animal Unit Months per Hectare (AUM/ha)

Table 7. Changes in Sahand rangelands' grazing capacity

Year Grazing Capacity (AUM/ha) Change Relative to the Base Year (%)
2006 7.3 -
2011 6.8 -6.84
2016 6.7 -8.22
2021 5.7 -21.92
2051 5.47* -25.1

* Based on the XGBoost model

Table 8. Comparison of models predicting grazing capacity accuracy

Model R2 RMSE MAE Change in grazing capacity until 2051
Linear Regression 0.74  0.68 0.52 -2.5%
XGBoost 096 032 0.28 -3.5%
Random Forest 0.85 047 0.41 -3.0%
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