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Abstract - Deforestation in Maharashtra, India, poses a
critical threat to two globally significant ecological zones
the Western Ghats UNESCO World Heritage biodiversity
hotspot and the dense tropical forests of the Vidarbha
region. Existing monitoring mechanisms, including the
biennial Forest Survey of India (FSI) reports and globally
scoped tools such as Global Forest Watch (GFW), suffer from
significant temporal lags, a lack of district-level granularity,
and zero accessibility for non-technical field officers. This
paper presents VanRakshak, a web-based decision support
platform integrating Google Earth Engine (GEE) satellite
computations — specifically Hansen Global Forest Change
data at 30-meter resolution and GLAD deforestation alerts
— with an Al chatbot assistant (VanBandhu) powered by
Google Gemini 1.5 Flash. The system delivers district-level
forest loss analytics for all 36 Maharashtra districts,
deforestation driver classification via ESA WorldCover 10-
meter land cover data, protected area vulnerability
assessment using WDPA boundaries, emerging hotspot
detection on a 5x5 km grid, linear trend forecasting for
2024-2025, and carbon emission estimation. VanBandhu
enables Marathi and Hindi-language natural language
interaction with satellite data — the first such capability for
Maharashtra’s forest monitoring domain. A three-tier
caching architecture achieves sub-50ms response for cached
queries. Gadchiroli records a cumulative forest loss of
11,585.784 ha (2001-2023) with agriculture expansion as
the dominant driver (60-70%). VanRakshak establishes a
replicable model for sub-national, vernacular-accessible
forest monitoring in developing regions.
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1. INTRODUCTION

Maharashtra, India's second-most populous state,
encompasses approximately 61,939 km? of recorded
forest area, representing 20.1% of its total geographical
extent [1]. This forest estate spans two ecologically
distinct zones: the Western Ghats — a UNESCO World
Heritage Site and one of the world's eight biodiversity

hotspots — and the dense tropical forests of the Vidarbha
region, particularly in Gadchiroli (76.4% forest cover),
Chandrapur, Gondia, and Nandurbar. Both zones face
accelerating anthropogenic pressure from agricultural
expansion, urban growth, and coal mining.

Despite the availability of high-resolution satellite-derived
datasets — the Hansen Global Forest Change (GFC)
dataset [2], Global Forest Watch (GFW), and GLAD
deforestation alerts [3] — their practical accessibility for
Maharashtra's forest managers and field officers remains
critically limited. The Forest Survey of India (FSI)
publishes its State of Forest Report biennially, creating a
structural two-year lag in actionable intelligence. GFW
provides near-real-time data but lacks district-level
granularity for Indian administrative units and offers no
vernacular language support — a significant barrier for
frontline officers operating in Marathi.

This paper presents VanRakshak (meaning 'forest
guardian' in Marathi/Hindi), a web-based, multi-
stakeholder forest monitoring platform purpose-built for
Maharashtra. VanRakshak integrates GEE satellite
computation, ESA WorldCover land cover classification,
WDPA protected area boundaries, and an Al-powered
vernacular chatbot (VanBandhu) into a unified, zero-
technical-expertise interface. Section 2 reviews related
literature. Section 3 describes the system architecture.
Section 4 details VanBandhu. Section 5 presents results.
Section 6 concludes with limitations and future work.

2. LITERATURE REVIEW
2.1 Remote Sensing and GEE for Forest Monitoring

Hansen et al. [2] established the foundational 30-meter
global forest cover change dataset derived from Landsat
imagery, enabling annual loss quantification from 2001
onward — the primary data source in VanRakshak.
Tamiminia et al. [4] conducted a systematic review of GEE-
based remote sensing applications in forestry, confirming
the platform's efficacy for large-area analysis intractable
on local infrastructure. Potapov et al. [5] extended
Hansen's methodology with improved tree cover
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dynamics classification, relevant to Maharashtra's mixed
forest landscape.

2.2 Deforestation Alert Systems

Turubanova et al. [3] introduced the GLAD alert system for
near-real-time tropical forest disturbance detection,
achieving approximately one-week latency — directly
implemented in VanRakshak's alert module. Tyukavina et
al. [6] provided comprehensive global deforestation driver
quantification using GEE, establishing the classification
framework (agriculture, urban expansion, etc.) informing
VanRakshak's driver analysis engine.

2.3 Forest Monitoring in India and Al Decision Support

Reddy et al. [7] analyzed Western Ghats forest
fragmentation using multi-temporal remote sensing,
documenting accelerating loss of interior forest patches
directly relevant to VanRakshak's western district
analytics. Kumar et al. [8] assessed India's official
monitoring frameworks, identifying the biennial FSI
reporting cycle and absence of district granularity as
primary limitations — the exact gaps VanRakshak
addresses. Joshi et al. [9] demonstrated that non-technical
interfaces significantly increase GIS tool adoption among
forest personnel, empirically validating VanRakshak's
design philosophy. Reichstein et al. [10] and Rolnick et al.
[11] established the role of deep learning and LLMs in
bridging raw satellite outputs and actionable
environmental intelligence — the application space
VanBandhu operationalizes. No prior system has
integrated GEE-based monitoring, GLAD alerting, district-
level granularity, Al interpretation, and Marathi support
for Maharashtra.

3.SYSTEM ARCHITECTURE AND METHODOLOGY
3.1 Overall Architecture

VanRakshak follows a  decoupled client-server
architecture. The frontend is a React 19 single-page
application (SPA) bundled via Vite and hosted on the
Vercel edge network. The backend is a FastAPI (Python)
asynchronous REST API deployed on Google Cloud Run.
Authentication is managed by Clerk via JWT tokens.
Google Earth Engine handles all satellite computation via
the Python earthengine-api SDK, while Google Gemini 1.5
Flash powers VanBandhu. Table 1 summarizes the full
technology stack.

Table -1: VanRakshak Technology Stack

Component Technology
Frontend React 19 + Vite + TailwindCSS
Maps / Charts Leaflet + Recharts
Backend API FastAPI + Uvicorn (Python)
Database SQLite — Supabase PG (planned)

Satellite Computation Google Earth Engine API

Al Chatbot Google Gemini 1.5 Flash
Authentication Clerk (JWT)
Frontend Hosting Vercel Edge CDN
Backend Hosting Google Cloud Run

Multilingual

i18next (EN / #TST / fg=n)

° VanRakshak
—

° Ymﬁakshak

Forest Analytics

Fig -1: District selector showing all 36 Maharashtra
districts with relative forest loss percentages
(Chandrapur 37.8%, Bhandara 27.5%).

3.2 Three-Tier Caching Architecture

GEE computations introduce 15-20 second latency per
district query. VanRakshak resolves this through a three-
tier strategy. Tier 1 (Preload Cache): APScheduler pre-
computes GEE results for critical districts on startup,
stored in SQLite with one-hour TTL, served at ~50ms. Tier
2 (CDN Cache): API responses carry Cache-Control: public,
max-age=3600 headers, enabling Vercel's edge CDN to
serve repeats sub-50ms. Tier 3 (Live GEE): On cache miss,
the backend calls GEE via run_in_executor() thread pool,
preventing the FastAPI event loop from blocking during
the 15-20 second operation.
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3.3 Forest Loss Computation and Driver Classification

Annual forest loss is derived from the Hansen GFW
lossyear band, filtered to Maharashtra district boundaries
via GADM administrative geometries at 30-meter
resolution, aggregated per year (2001-2023) and per
district. Deforestation drivers are classified by spatially
joining loss pixels to ESA WorldCover 2020 land cover
classes at 10-meter resolution, identifying post-loss
landscape correspondence to agriculture (Class 40),
urban/built-up (Class 50), or other categories. Protected
area vulnerability is assessed by intersecting loss polygons
with WDPA boundaries, computing absolute loss area and
loss-as-percentage-of-protected-area metrics.

3.4 Hotspot Detection and Trend Forecasting

Emerging deforestation hotspots are identified via a 5x5
km regular grid overlaid on Maharashtra. Cells with recent
loss (2019-2023) disproportionate to historic baseline
(2001-2018) are classified as 'New Front'; cells with
sustained high loss across both periods are classified as
'Persistent.’ A linear regression model fitted to 2018-2023
annual loss values projects indicative estimates for 2024-
2025 with R? reported per district. The application
explicitly notes: 'Forecast uses linear trend extrapolation.
Treat as indicative baseline only.’

4. VANBANDHU: Al MULTILINGUAL FOREST
INTELLIGENCE

VanBandhu ('forest friend' in Marathi) is VanRakshak's
integrated Al assistant powered by Google Gemini 1.5
Flash. It employs dynamic, per-request prompt
construction assembling: (1) VanBandhu's expert
Maharashtra forest analyst persona; (2) the selected
district's live analytics data — loss time-series, drivers,
GLAD alert counts, and protected area loss metrics; (3)
hardcoded Maharashtra forest domain knowledge; and (4)
a language directive to respond in the user's selected
language (English, Marathi, or Hindi). This grounds all
responses in actual computed data, minimizing
hallucination on factual queries.

Tell me about Gadchiroli

Ah, Gadchirolit a
district in Maharashtra, a real jewel in

It's a truly special

our state's green crown.

having the
all districts

Fig -2: VanBandhu Al Forest Assistant in English mode,
citing FSI 2023 data for Gadchiroli (76.4% forest

cover). Interface supports EN /T&=El /AT with voice
output.

Sessioncontinuityismaintainedvianversation_memory.py,
prepending the last N message exchanges to each Gemini
API call. Marathi and Hindi generation leverages Gemini's
native multilingual capability without an external
translation layer. The VanBandhu service module
(vanbandhu_service.py, ~41 KB) is the largest single
codebase component, reflecting extensive prompt
engineering investment. Three user personas — Forest
Official, Researcher, and Citizen/NGO — are differentiated
via GrowthBook feature flags, providing role-appropriate
interfaces without separate deployments.

5. RESULTS AND DISCUSSION
5.1 Forest Loss Analytics: Gadchiroli Case Study

Analysis of Hansen GFW data (2001-2023) via
VanRakshak reveals that Gadchiroli records a cumulative
forest loss of 11,585.784 ha at an average of 584 ha/year,
with peak loss in 2011, coinciding with infrastructure and
mining expansion in the Vidarbha region. Figure 3 shows
the full analytics dashboard displaying the loss timeline,
deforestation driver breakdown, and carbon emission
estimates.

Fig -3: Analytics Dashboard — Gadchiroli Forest Loss
Timeline (2001-2023), total loss 11,585.784 ha, peak
2011, avg 584 ha/year. Source: Hansen GFW via
Google Earth Engine.
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The loss time-series reveals a non-monotonic pattern:
elevated loss during 2003-2005, a sharp peak in 2011,
relative stabilization in 2014-2017, and an upward trend
resuming from 2020. Agriculture expansion consistently
emerges as the dominant driver (60-70% of total loss
area) across all high-loss districts, followed by
urban/built-up  expansion  (15-20%). Chandrapur
(37.8%), Bhandara (27.5%), and Amravati (22.3%) rank
among the highest relative loss districts in the state, as
surfaced by the district dropdown visualization.

5.2 Emerging Hotspot Detection

The 5x5 km grid analysis for Gadchiroli identifies spatially
discrete 'New Front' (red) and 'Persistent’ (orange)
hotspot clusters (Fig. 4), enabling forest officers to
prioritize field inspection resources. The Chandrapur
boundary region exhibits the highest Persistent hotspot
concentration, consistent with sustained mining and
agricultural encroachment. New Front hotspots in eastern
sub-tehsils indicate emerging deforestation fronts not yet
captured in aggregated district statistics.

Fig -4: Emerging Deforestation Hotspot Map —
Gadchiroli: New Hotspot (red, <1 yr), Persistent
(orange), Sporadic Loss (yellow) on 5x5 km grid.
Near-Chandrapur corridor shows highest Persistent
density.

5.3 Report Generation and Operational Utility

Generate Report

Report Type

Maharashtra Summary

District Report

Deforestation Alerts

Format

Fig -5: PDF/HTML Report Generator — Maharashtra
Summary, District Report (hotspots + drivers), and
Deforestation Alerts report types for offline field
deployment.

The report generation module (Fig. 5) produces three
standardized report types — Maharashtra State Summary,
District Report, and Deforestation Alerts — in both HTML
and PDF format. This addresses a critical operational gap:
forest officials in field stations require offline-capable,
printable summaries that no existing satellite platform
provides for Maharashtra.

5.4 Performance Metrics and Comparative Analysis

Table -2: VanRakshak Performance Metrics and Key

Findings
Metric Value
Preload cache (Tier 1) ~50ms
CDN edge cache (Tier 2) <50ms

Live GEE compute (Tier 3) 15-20 seconds

VanBandhu response 3-6 seconds

Hansen spatial resolution 30 m/pixel
ESA WorldCover 10 m/pixel
resolution

Hotspot grid resolution 5x5 km cells

Districts covered All 36 Maharashtra

Gadchiroliloss (2001-23)  11,585.784 ha

Dominant driver Agriculture (60-70%)

Table -3: Comparative Analysis — VanRakshak vs.
Existing Tools

Capability VanRakshak GFW  FSI Bhuvan
36-district v Partial X X
granularity
Near-RT GLAD v v X X
alerts
Marathi/Hindi v X X X
support
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Capability VanRakshak GFW FSI Bhuvan
No GIS expertise v

needed

Partial v X

Al data v X X X
interpretation

PDF field reports v Partial v X

PA vulnerability v Partial X X

analysis

Trend v X X X
forecasting

Carbon v Partial X X
estimation

6. CONCLUSIONS

This paper presented VanRakshak, a web-based, Al-
augmented forest monitoring platform for Maharashtra,
India, bridging the gap between raw satellite data and
actionable intelligence for non-technical stakeholders. By
integrating GEE's Hansen GFW, GLAD alerts, ESA
WorldCover, and WDPA datasets with Gemini-powered
multilingual VanBandhu, VanRakshak delivers district-
level forest loss analytics, driver classification, hotspot
detection, protected area vulnerability assessment, and
trend forecasting through a zero-expertise interface.
Gadchiroli's 11,585.784 ha cumulative loss (2001-2023)
with a 2011 peak, and agriculture as the dominant driver
(60-70%), represent the system's primary empirical
contribution. The three-tier caching architecture
demonstrates a practical solution to GEE's cold-start
latency, achieving sub-50ms cached responses across all
36 Maharashtra districts.

Current limitations include: linear regression forecasting
without climate variables (Prophet-based forecasting
planned); SQLite unsuitable for large concurrent load
(Supabase PostgreSQL migration underway); ESA
WorldCover 2020 static snapshot; and VanBandhu
susceptible to hallucination on hyper-specific queries if
context injection fails. Future work will address GLAD-S2
Sentinel-2 alert integration, mobile PWA deployment, real-
time fire detection, and an expanded public APL
VanRakshak demonstrates that the convergence of cloud-
based Earth observation, large language models, and
vernacular accessibility can meaningfully democratize
satellite-derived environmental intelligence for frontline
conservation communities.
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