
Supplementary Information 
 

1 

 

Insights into the linkages of forest structure dynamics with ecosystem services  
T V Ramachandra 1,2,3 +*, Paras Negi 1,4 +, Tulika Mondal 1,4 +, Syed Ashfaq Ahmed 4 + 

1Energy & Wetlands Research Group and IISc-EIACP, Centre for Ecological Sciences [CES], Indian Institute of    Science http://wgbis.ces.iisc.ac.in/energy, energy.ces@iisc.ac.in, PN (parasnegi@iisc.ac.in), 

TM (tulikamondal@iisc.ac.in) 
2Centre for Sustainable Technologies (astra), Indian Institute of Science, Bangalore 560012 
3Centre for infrastructure, Sustainable Transportation and Urban Planning [CiSTUP], Indian Institute of Science, Bengaluru, Karnataka, 560 012, India 
4 Department of Applied Geology, Kuvempu University, Shimoga 577471;  energy.ces@iisc.ac.in 

+all authors contributed equally to this work. 

*Corresponding Author: tvr@iisc.ac.in; envis.ces@iisc.ac.in ORCID: 0000-0001-5528-1565 

 
 
Supplementary Table S1. The spatial extent of land cover (1973 to 2022) in Goa. 

NDVI 
1973 1977 1990 1998 2014 2018 2022  

sq. km % sq. km % sq. km % sq. km % sq. km % sq. km % sq. km % 

Vegetation 2347.43 63.41 2462.97 66.53 2474.76 66.90 2415.74 65.25 2407.03 65.02 2403.36 64.92 2402.92 64.91 

Non-vegetation 1354.57 36.59 1239.03 33.47 1224.64 33.10 1286.26 34.75 1294.97 34.98 1298.64 35.08 1299.18 35.09 

 
 

Supplementary Figure S1. Land use dynamics (1973 to 2022) in Goa. 
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Supplementary Table S2. The spatial extent of land uses (1973 – 2022) in Goa. 

Land use 1973 1977 1990 1998 2014 2018 2022 

 sq. km % sq. km % sq. km % sq. km % sq. km % sq. km % sq. km % 

Evergreen 495.12 13.37 490.6 13.25 516.64 13.96 520.34 14.06 490.67 13.25 483.53 13.06 497.31 13.43 

Moist Deciduous 984.79 26.6 1029.43 27.81 995.88 26.9 890.07 24.04 825.62 22.3 833.82 22.52 838.04 22.64 

Dry Deciduous/Shrubs 477.03 12.89 566.66 15.31 578.72 15.63 603.5 16.3 673.57 18.19 691.6 18.68 616.99 16.67 

Waterbody 134.81 3.64 117.88 3.18 175.12 4.73 162.05 4.38 142.81 3.86 154.99 4.19 176.5 4.77 

Open 711.19 19.21 521.33 14.08 401.43 10.84 280.92 7.59 270 7.29 183.9 4.97 207.1 5.59 

Agriculture 201.75 5.45 187.06 5.05 241.49 6.52 297.48 8.04 302.54 8.17 333.5 9.01 274.51 7.42 

Mangrove 19.73 0.53 22.79 0.62 24.8 0.67 26.89 0.73 22.97 0.62 49.68 1.34 51.16 1.38 

Mine 20.6 0.56 41.02 1.11 27.13 0.73 41.47 1.12 29.38 0.79 24.69 0.67 22.45 0.61 

Built-up 22.2 0.6 33.86 0.91 43.69 1.18 129.82 3.51 173.99 4.7 179.19 4.84 180.94 4.89 

Horticulture 337.63 9.12 312.42 8.44 297.46 8.04 312.59 8.44 330.77 8.93 329.64 8.9 416.39 11.25 

Wetland 94.45 2.55 115.87 3.13 84.89 2.29 121.09 3.27 96.16 2.6 84.3 2.28 87.46 2.36 

Built-up + Horticulture 52.35 1.41 98.17 2.65 96.4 2.6 92.19 2.49 78.23 2.11 98.16 2.65 77.05 2.08 

Forest Plantation 33.13 0.89 41.07 1.11 61.26 1.65 62.35 1.68 96.43 2.6 85.09 2.3 90.03 2.43 

Barren hilltops and cliffs 8.18 0.22 8.51 0.23 8.18 0.22 8.5 0.23 8.18 0.22 8.5 0.23 8.47 0.23 

Cashew 109.04 2.95 115.33 3.12 148.91 4.02 152.74 4.13 160.68 4.34 161.41 4.36 157.7 4.26 
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Supplementary Table S3. Predicted Land uses for 2038 considering Business as usual scenario (BAU) and Agent-based Modeling (ABM). 
Land use 2038 Business as usual scenario (BAU) 2038 Agent-based Modeling (ABM) 

 sq. km % sq. km % 

Evergreen 394.98 10.67 407.86 10.98 

Moist Deciduous 823.41 22.24 733.38 19.74 

Dry Deciduous/Shrubs 759.55 20.52 618.13 16.64 

Waterbody 122.16 3.30 155.56 4.19 

Open 190.25 5.14 179.19 4.82 

Agriculture 345.74 9.34 247.00 6.65 

Mangrove 62.51 1.69 39.25 1.06 

Mine 25.79 0.70 31.35 0.84 

Built-up 214.51 5.79 234.39 6.31 

Horticulture 307.83 8.32 508.71 13.69 

Wetland 89.15 2.41 68.67 1.85 

Built-up with horticulture 114.69 3.10 130.97 3.52 

Forest Plantation 94.62 2.56 194.48 5.23 

Barren Hillocks and Cliffs 7.32 0.20 8.18 0.22 

Cashew 149.49 4.04 158.45 4.26 
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Supplementary Table S4. Forest fragmentation indices with description and their ecological implications [1-6]. 
Fragmentation indices Details Ecological Implications 

Patch A discrete area of forest surrounded by non-forest land. 
Smaller patches can lead to reduced biodiversity and increased 
vulnerability to disturbances. 

Edge 
The boundary between the forest and the surrounding non-forest 
area. 

More susceptible to environmental changes, affecting local 
microclimates and species distribution. 

Transitional  Areas where forest types or conditions are changing due to 
natural or human-induced factors. 

Serve as corridors for species migration but face increased vulnerability 
due to changing conditions. 

Interior  Core areas of larger forest patches, far from the edges. 
Intact forests / Interior forests moderate microclimate and are crucial 
for maintaining biodiversity and sustaining ecosystem services. 

Perforated  
Forests with numerous small gaps or clearings within a larger 
forest area. 

Increase fragmentation by creating more edges and isolating patches, 
potentially reducing habitat quality and connectivity. 

 
 
 
Supplementary Figure S2. Changes in forest structure from 1973 to 2022 in Goa. 
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Supplementary Table S5. Condition of forest ecosystems (1973-2022) in Goa. 

Forest 
Fragmentation 

1973 1977 1990 1998 2014 2018 2022 

sq. km % sq. km % sq. km % sq. km % sq. km % sq. km % sq. km % 

Non-forest 1590.53 42.96 1478.52 39.94 1410.84 38.11 1502.95 40.6 1541.71 41.65 1491.09 40.28 1590.22 42.96 

Patch 41.8 1.13 25.74 0.7 36.06 0.97 47.05 1.27 52.17 1.41 73.45 1.98 51.55 1.39 

Transitional 119.14 3.22 95.25 2.57 103.66 2.8 118.77 3.21 121.6 3.28 137.91 3.73 113.79 3.07 

Edge 53.12 1.43 50.38 1.36 42.94 1.16 49.52 1.34 53.22 1.44 53.75 1.45 51.94 1.4 

Perforated 364.22 9.84 362.76 9.8 387.8 10.48 393.06 10.62 372.17 10.05 382.5 10.33 356.43 9.63 

Interior 1398.38 37.77 1571.47 42.45 1545.58 41.75 1428.6 38.59 1413.67 38.19 1408.31 38.04 1375.06 37.14 

Water 134.81 3.64 117.88 3.18 175.12 4.73 162.05 4.38 147.46 3.98 154.99 4.19 163.01 4.4 

 

 

 

 

 

Supplementary Table S6. Carbon storage in the terrestrial forest ecosystems of Goa 

Carbon storage 
Forest Density Categories  

2022 (Gg) Billion ₹ 

Very Dense Forests (VDF) 46156.14 307.10 

Moderately Dense Forests (MDF) 2566.07 17.07 

Degraded Forests (DF) 7408.95 49.30 

Total 56131.16 373.47 
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Supplementary Figure S3. Carbon accounting in forest ecosystem (quantity and monetary value in billion INR). Created using the open-source software 

QGIS 3.10 [https://www.qgis.org/] and GRASS GIS 7.8.2 [https://wgbis.ces.iisc.ac.in/grass/]. 
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Supplementary Figure S4.  Carbon accounting in the mangrove ecosystem (quantity and monetary value in billion INR). Created using the open-source 

software QGIS 3.10 [https://www.qgis.org/] and GRASS GIS 7.8.2 [https://wgbis.ces.iisc.ac.in/grass/]. 
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Supplementary Table S7. Bio-geo-climate, ecological, environmental, and social variables considered for prioritizing regions (at grid level) based on eco-

sensitivity with weights (based on the relative significance)  

Sl. No  Variables 
Weightage/Ranking (based on the significance) 

0 2 4 6 8 10 

L A N D 

1 Forest Cover 0 <15% 15-30% 30-45% 45-60% >60% 

2 Interior forest 0 <15% 15-30% 30-45% 45-60% >60% 

E C O L O G Y 

3 Biomass (total Carbon) 0 <300 300-600 600-900 900-1200 >1200 

4 Shannon's Diversity 0 <1 1-1.5 1.5-2 2-2.5 >2.5 

5 No. of species 0 <50 50-100 100-150 150-200 >200 

6 Flora Not Present – – – Endemic – 

7 Fauna Not Present – – – Endemic – 

G E O - C L I M A T I C 

8 Elevation (m) – – <250 250–500 500–750 >750 

9 Rainfall (mm) – <600 600-1200 1200-1800 1800-2400 >2400 

10 Agro-Climatic Zone – Hot Dry Arid Arid Hot Dry Semi-Arid Hot Dry Sub Humid 
Hot Moist Sub-

Humid/Sahyadris 

11 Lithology – – 
Charnokites or 

Kalaadgi 
Peninsular Gneiss Dharwars or Granite Deccan Trap 

12 Soil – coarse loamy 
sandy or sandy 

skeletal 
Fragmental or 

Rocky outcrops 
Clayey loamy or 
Clayey Skeletal 

Loamy or Clayey 

H Y D R O L O G Y 

13 Stream density <0.5 0.5-1 1-1.5 1.5-2 2-2.5 >2.5 

14 Stream flow - <3 months 3 months 4 months 5 months >6 months 

15 Reservoir  not present – – – Present - 

E N E R G Y 

16 Solar energy (kWh) – - - - <6 >6 

17 Wind energy (m/sec) – <1.5 1.5-2 2-3.5 3.5-4 >4 

18 Bioenergy (Mkcal) – <100 100-200 200-400 400-600 >600 

S O C I A L 

19 
Population Density (persons 
per sq. km) 

– >1000 1000-500 500-250 250-100 <100 

20 Livestock Density (animals/ha) – <0.75 0.75-1.5 1.5-2.25 2.25-3 >3 

21 Forest dwellers not present – – – – S.T. population 

  



Supplementary Information 
 

9 

 

References 
 

1. Raši, R., Schwarz, M., Liaison Unit Bratislava, Zvolen, (2019). FOREST EUROPE 2019. Pilot study: Forest Fragmentation Indicator. 
2. Ramachandra, T.V., Bharath, S., & Bharath, A. H. (2020). Insights of forest dynamics for the regional ecological fragility assessment. Journal of the Indian Society of Remote Sensing, 

48(8), 1169-1189. 
3. Riitters, K., Wickham, J., O’Neill, R., Jones, B., & Smith, E. (2000). Global-scale patterns of forest fragmentation. Conservation ecology, 4(2). 
4. Riitters, K. H., & Coulston, J. W. (2005). Hot spots of perforated forest in the eastern United States. Environmental management, 35, 483-492. 
5. Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A., Holt, R. D., ... & Townshend, J. R. (2015). Habitat fragmentation and its lasting impact on earth’s ecosystems. 

Science advances, 1(2), e1500052. https://doi.org/10.1126/sciadv.1500052 
6. Ramachandra, T. V., Bharath Setturu, V. S., Chandran, M. S., Baghel, A., & Aithal, B. H. (2024). Ecologically sensitive regions in the Western Ghats, a biodiversity hotspot. Indian 

Forester, 149, 1105-1121. 


