TECHNICAL REPORT

SOCI0-ECOLOGICAL AND ECONOMIC
VALUATION OF ARTIFICIAL-REEF-DRIVEN

RESTORATION OF VAAN ISLAND
GULF OF MANNAR, TAMIL NADU, INDIA

Environment, Climate Change and Forests Department
Tamil Nadu Coastal Restoration Mission

In partnership with

Indian Institute of Technology Madras

Suganthi Devadason Marine Research Institute














































































-
o
[©)
o
Ll
4
-
<
=
=
I
O
[NE]
'_

Socio-Ecological and Economic Valuation

of Artificial-Reef-driven Restoration of Vaan Island

Gulf of Mannar, Tamil Nadu, India

his chapter delineates the

multi-method empirical founda-

tion and integrated economic

valuation framework for assess-

ing artificial reef (AR)-driven
restoration outcomes at Vaan Island from
2015 to 2025. Section 2.1 details primary
field datasets, including underwater visual
censuses for epibenthos and fishes, GPS
shoreline mapping, echosounder bathym-
etry, sediment traps, total-station topog-
raphy/NDVI vegetation, and secondary
historical baselines (1969-2015), along-
side QGIS/PRIMER processing protocols
spanning pre-deployment, deployment,
and decadal monitoring phases. Section
2.2 presents the seven-component total
economic value (TEV) structure compris-
ing coral habitat, epibenthos, fisheries,
geomorphic, biodiversity, regulating, and
protection valuations, operationalized via
shadow pricing, direct markets, replace-
ment costs (including mainland coastal pro-
tection via DSAS-informed counterfactual
erosion), and benefit transfers, with Equa-
tions. 2.1-2.17 linking biophysical proxies
to scenario-calibrated monetary estimates
without double-counting.

2.1. Data Collection, Sources,
and Time Frame

Comprehensive datasets spanning ecologi-
cal, geomorphic, bathymetric, sedimentary,
and fisheries parameters, including under-
water visual censuses (UVC), GPS shoreline
mapping, echosounder bathymetry, sedi-

ment traps, total-station topography/NDVI
vegetation, and historical baselines (1969-
2015), were compiled from primary field
surveys by SDMRI and secondary records to
quantify artificial reef (AR)-driven restora-
tion outcomes at Vaan Island (2015-2025).
These were supplemented by datasets from
recently published peer-reviewed studies
documenting Vaan Island erosion dynam-
ics, AR deployment e ects, epibenthic
succession, and geomorphic stabilization in
the Gulf of Mannar (Raj et al., 2015; Jayanthi
etal., 2020; Asir, et al., 2020; Edward et al.,
2020; Mathews et al., 2021; Edward et al.,
2023; Edward et al., 2025).

2.1.1. Primary Field Datasets
Epibenthic communities were assessed
through annual Underwater Visual Census

(UVC) conducted on randomly selected

AR modules (n=618-1,200 per module per
year) from both inner (1 m height, ~2 m
depth) and outer (2 m height, ~3 m depth)
layers, employing standard belt-transect
and quadrat protocols (0.25-1 m2 area).
Taxa enumeration included 19 hard coral
genera (e.g., Pocillopora, Turbinaria; density
increasing from 0 to 81.33 no./module) and
over 40 non-coral epibenthic groups, with
molluscs dominant (2.36-19.36 no./mod-
ule), alongside sponges, hydroids, ascid-
ians, echinoderms, and octocorals. Surveys
were conducted annually from October
2015 to December 2024, following the post-
monsoon period.

Fish assemblages were surveyed using Un-
derwater Visual Census (UVC) along 250 m2

belt transects around AR clusters (n=4 per
site in 2016 and 2024), recording species-
level counts for 79 taxa across 26 families,
with density increasing from 69.83 to 1,698
no./250 m2, dominated by Lutjanidae
(Lutjanus spp.), Scaridae (Scarus ghobban),
and Lethrinidae; biomass was estimated
via length-weight allometry from Fish Base.
Surveys were conducted in July 2016 and
December 2024.

Island morphology, specifically high and
low tide line (HTL/LTL) areas, was moni-
tored using handheld GPS (Garmin eTrex
30, £3 m accuracy) to track shorelines
(n=50+ points per visit), georeferenced to
DGPS benchmarks, with monthly surveys
conducted post-AR deployment; areas were
computed via QGIS polygonization across
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the 1969-2025 series (20.08-3.15 ha LTL).
Surveys were conducted from December
2015 to September 2025, on a bi-monthly to
monthly basis.

Bathymetry was surveyed using a single-
beam echosounder (Humminbird, 200 kHz)
coupled with DGPS (Sokkia GRX1, +2 cm ac-
curacy), collecting 500-1,000 soundings per
50x50 m grid across the spit area; contours
(0.5-4 m) were interpolated in Surferso -
ware, tracking shoaling from 2.5 mto<l m
in the northwest spit region. Surveys were
conducted annually from December 2015 to
January 2025.

Sedimentation rates were measured using
10 sediment traps (0.01 m2 mouth area, 0.3
m height) deployed 0.5 m above the seabed
at 2-3 m depth across the AR field, with tri-
monthly retrieval from November 2017 to
October 2025; rates ranged from 9.6-39.48
mg/cm2/day (mean ~20 mg/cm2/day),
determined via gravimetric analysis follow-
ing 60 um sieving. Surveys were conducted
seasonally over this period.

Topography and vegetation were sur-
veyed using a Total Station (Sokkia FX 105,
5" accuracy) to generate Digital Terrain
Models (DTM) with 2017 baseline data (aver-
age elevation 0.9 m); NDVI was derived from
Landsat/Sentinel-2 imagery (2017-2024)
and classified into barren, low, medium,
and high vegetation cover, dominated

by foreshore herbs and shrubs (Ipomoea
pes-caprae, Sesuvium portulacastrum; 26
species total). Surveys were conducted
biannually from September 2017 to 2024.

2.1.2. Secondary Historical Data and
Data Processing

Secondary data provided essential pre-AR
baselines for contextualizing restoration
impacts. Historical island morphology

was reconstructed from Survey of India
toposheets (1969: 20.08 ha), Marine Nation-
al Park notifications (1986: 16 ha baseline),

and Google Earth imagery (2001-2015), es-
tablishing an erosion trajectory from 20.08
hato 1.53 ha HTL by December 2015—a net
loss of 92% over 46 years driven by coral
mining and hydrodynamic forcing. The
pre-deployment hydrodynamic context was
informed by IIT-Madras wave modelling,
which identified optimal AR siting at 2-3 m
depth contours under northeast monsoon
conditions (significant wave height Hs =
1-2 m, with the dominant direction from
SE-NE).

All spatial datasets were processed in QGIS
3.28 (WGS84/UTM Zone 43N projection) for
georeferencing, shoreline digitization, and
area calculations via polygonization. Com-
munity structure analyses were conducted
using PRIMER v7 and PAST 4.03, with
SIMPER used to assess taxon contributions
to dissimilarity and ANOSIM used to test for
epibenthic/fish assemblage shi s across
years. The integrated time frame spans the
pre-AR baseline (2015), the deployment
phase (December 2015-February 2019),
and decadal post-deployment monitoring
(2016-2025), to facilitate before-and-a er
assessment of AR e icacy.

2.2. Economic Valuation
Framework

The economic valuation framework inte-
grates seven components, viz., hard-coral
habitat (V,,.4), Other epibenthic organisms
(Vorg), fisheries (Vgsp), geomorphic saved
area (Vgeo), vegetation/biodiversity (Vp;o),
regulating/supporting services (V;g), and
coastal protection (V.y4st)—linking the
observed ecological indicators to monetary
estimates via direct market pricing, replace-
ment costs, and benefit-transfer methods.
Direct market values (Vo Vfisn) apply
ex-vessel prices to harvestable biomass;
replacement costs (Vgeo, Vpio, Veoast) quan-
tify avoided restoration expenditures for
stabilized land and vegetation and utilize
the information on land prices around the
Thoothukudi coast stretch; and non-market

estimates (Vorap, Vieg) derive shadow prices
and service flows from reef valuation meta-
analyses, avoiding double-counting across
use/non-use categories.

2.2.1. Hard-Coral Habitat Valuation
(Veoral)

The ecological valuation of hard-coral habi-
tat (Vorq) employed a shadow-price meth-
odology (Patterson, 2008) to apportion reef
ecosystem-service benefits to live coral
biomass, treating ARs as production factors
for habitat-supported services (fisheries en-
hancement, biodiversity maintenance, and
coastal protection). The e ective AR influ-
ence area was defined as A4z=13 ha, repre-
senting the aggregated ecological footprint
of 10,600 modules (physical footprint = 2.65
ha), which accounted for per-module halo
e ects on flow, sediment trapping, and
biota (r = 15 m) (Reeds et al., 2018; Pondella
etal., 2022). This was computed using Eq.
2.1and from Fig. 2.1:

Aefr a (Artificual Reef Units,

Halo Radius) ...(2.1a)
A=k xNxmr2=0.017 x 10,600 x 3.14 x 152
=13ha ...(2.1b)

N,

where N =10,600 modules, r =15 m (conser-
vative halo radius), and k = 0.017 (overlap
factor for dense clusters; obtained from
Figure 2.1), yielding module density
Mpq=10,600 + 13 =815 modules ha-1.

Annual coral biomass per hectare was de-
rived using Eq. 2.2:

Bha,t:DtxMhGXW (22)

with Dy is observed hard-coral density
(no. module-1, 2015-2024) and W=0.5 kg
colony-1 (mean skeletal mass for small-
medium Indo-Pacific genera) (Peirano et al.,
2001, Fisher, 2023). The 2024 biomass Bp,,
2024 Served as the shadow-price denomina-
tor. Reef ecosystem-service values (Vyeef)
were obtained via benefit transfer from
global/SE Asian meta-analyses (low/mid/
high: 15,000; 100,000; 200,000 USD ha-1
yr-1) (Laurans et al., 2013; Okubo & Onuma,
2015; Cannas et al., 2019; Ottaviani, 2020;
Suggett et al., 2024), converted at 1 USD =
80 (2015-2024 average), targeting fish-
eries, protection, and biodiversity. Unit
shadow prices were calculated using Eq.
2.3

VAAN
ISLAND

Fig. 2.1. Demonstrated is the area of influence due to the deployed artificial reef (AR) by considering
the conservative halo radius of 15 meters around the ARs in the vicinity of Vaan Island.
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Pmid = Vieefmid
Bha, 2024 (2.3)

Veoral,ha,t = Bha,t X Pmid ..(2.4)

with mid-case (P,;q) adopted for time-
series applications. Annual habitat values
Veoral,ha,t Were then calculated using Eq. 2.4
and scaled to Axr =13 ha, attributing pro-
portional reef benefits to AR coral accumu-
lation without overlap with direct fisheries
valuation.

2.2.2, Direct Market Valuation of
Other Epibenthic Organisms (Vog) and
Fisheries (Visp)

Direct market (Remoundou et al., 2009) val-
ues were estimated for (i) harvest-relevant
epibenthic organisms other than hard cor-
als and (ii) reef-associated fishes supported
by the AR field. For other epibenthic taxa,
the same AR influence area A4z = 13 ha and
module density Mp, = 815 modules ha-1
were used as in the hard coral valuation. An
average general biomass per colony or in-
dividual of W= 0.5 kg colony-1 was adopted
for market-relevant invertebrates (primarily
molluscs and larger sessile forms) (Fraser et
al., 2021; Mavraki et al., 2023), and a conser-
vative general shadow price of P= 500 kg-1
yr-1was applied to represent an e ective
per kilogram value of standing biomass,
synthesising local ex vessel prices and
non-harvest ecosystem contributions (Pat-
terson, 2008; Cannas et al., 2019; Ottaviani,
2020). For each year t, epibenthic biomass
per hectare was calculated from observed
density D; (no. module-1) using Eq. 2.5 and
the corresponding direct market value per
hectare using Eq. 2.5.

Vorg,ha,t or Vfish ha,t = Bha,t X P ...(2.5)

These annual values were then scaled to
the Asr = 13 ha to obtain V. For fisher-
ies, the same AR field area was used again,
with fish density expressed as individuals
per hectare for the mixed assemblage. An

average harvestable fish weight of W¢=2

kg individual-1 was considered (Kannan
etal., 2021; Chandravanshi et al., 2025),
representing the mean of the size spec-
trum of landed reef fishes in the Gulf of
Mannar, and an average ex-vessel price

of Pr= 1,250 kg1 was applied to reflect
the composite market value of mixed reef
fish (Cannas et al., 2019; Ottaviani, 2020;
Rajeev & Nagendran, 2020; Beg et al., 2024).
Finally, the field-level annual fisheries value
was obtained by scaling these per-hectare
values to the AR influence area (A4z = 13) to
derive Vg, for use in the aggregate valua-
tion framework, as shown in Eq. 2.5.

2.2.3. Counterfactual Geomorphic
Saved Area Valuation (Vgeo) under
With and Without AR Scenarios

The counterfactual saved area value (Vgeo)
is based on the geomorphic replacement
cost logic (Jackson et al., 2014), which
considers explicitly reconstructing the
island area trajectory that would likely
have occurred in the absence of AR deploy-
ment. Pre-restoration (1969-2023) HTL area
observations were first compiled into an
average area series and fitted with an expo-
nential decay model of the form shown in
Eqg.2.6.
A(x) = aePx ....(2.6)
where x denotes the observation point
(time step), o the initial scale parameter,
and B<0 the erosion rate parameter. This
model was then extrapolated beyond 2015
to obtain a “without AR” counterfactual
island area, Ayithout Ar,t fOr the post-deploy-
ment year’s corresponding to the observed
“with AR” HTL measurements. For each
post-2015 time step t, incremental area
saved by AR was defined as the di erence
between the observed stabilized area with
restoration, Ayith ar ¢, @and the counterfac-
tual area without restoration, Ayithout AR t,
constrained so that negative values (i.e.,
where the model predicts more area than

observed) were set to zero to avoid over
estimating benefits. The total counterfac-
tual saved area was then obtained by sum-
ming or averaging the annual increments
over the 2015-2023 evaluation period, and
the central, low, and high scenarios were
constructed by combining alternative post-
AR area plateaus (e.g., 1.8, 2.0, 2.3 ha) with
corresponding points on the exponential
decay curve. The total saved area was then
calculated using Eq. 2.7.

Atotal saved = A1969 - Alatest observed e (2-7)

Finally, Vge, was valued using the replace-
ment cost bands: Per-hectare restoration
costs (Crest) Were drawn from coastal
dune/berm nourishment and small-island
reconstruction projects ( 10-50 lakh ha-1):
Crest,low= 1,000,000 ha-1, Crest,mid =
3,000,000 ha-1, Crest high = 5,000,000 ha-1
(Bambrick, 1994; Huang et al., 2008; Zhao et

al., 2022; Wu et al., 2025). Vgeo Was obtained
using Eq. 2.8:

Vgeo =Atotal saved * Crest ..(2.8)

This approach strengthens causal attribu-
tion, aligns with standard avoided-damage/
replacement-cost conventions in coastal
economics, and provides a robust baseline
for integrating downstream ecological and
coastal protection benefits into total eco-
nomic value estimation.

2.2.4. Vegetation and Biodiversity
Valuation (Vo)

Vegetation and biodiversity option value
(Vpio) Was estimated as the avoided re-
placement cost (Jackson et al., 2014) of
re-establishing Vaan Island’s coastal plant
assemblage on the geomorphologically
saved area, capturing the non-market op-
tion value of preserved habitat diversity.
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The ecological basis comprised 26 plant
species (1 creeper, 1 climber, 11 herbs, 7
shrubs, 6 trees) across three vegetation
divisions (foreshore sandy, inland sandy,
saltmarsh) and four geomorphic landforms
(beach, dunes, sandy plain, spit), sup-
ported by the central saved area Asotai saved
(see Eq. 2.7) from geomorphic analysis.
Per-hectare biodiversity restoration costs
(Cpjo) were derived from coastal shelterbelt/
dune projects: Cpjg jow= 200,000 ha-1
(basic planting), Cpio mig = 500,000 ha-1
(planting + fencing/maintenance), Cpio high
= 1,000,000 ha-1 (intensive restoration)
(Henri et al., 2004; Donlan et al., 2015; Li et
al., 2021). The biodiversity option value was
computed using Eq. 2.9:

Vbio = Atotal saved * Chio ..(2.9)

representing the capital cost of nursery
propagation, planting, and protection to
recreate equivalent species richness. An
optional Cost per Species-Hectare Saved
Index (CSI) [inspired by studies such as Mur-
doch et al. (2007), Drechsler et al. (2011),
Das (2022), and Bodey et al. (2023)] was
defined using Eq. 2.10:

cSl = Yo
S % Atotal saved

(3 per species-ha) ...(2.10)
where S =26 species and S x Asgyeq Provides
species-ha, a normalizing value by compo-
sitional diversity to benchmark restoration
intensity across scenarios.

2.2.5. Regulating and Supporting
Services Valuation (Vyg)

Regulating and supporting ecosystem
services (Veq) Were valued as annual per-
hectare flows over the AR influence area
Areg = 13 ha, using benefit-transfer methods
grounded in physical proxies of improved
hydrodynamic roughness, sediment trap-
ping, and primary production (Balasubra-
manian, 2019). Bathymetric shallowing (0.5
m contour expansion: 0.21-3-6 ha; average

depth 2.5-0.5 m northwest spit), sustained
sedimentation (15-25 mg cm-2-2 day-1-1,
sand/silt/clay mix), and vegetation estab-
lishment (three divisions, four NDVI classes)
evidenced AR-induced water filtration,
nutrient retention, and habitat support.
Per-hectare regulating values were conser-
vatively adapted from coral reef/coastal
wetland meta-analyses (5,000-25,000 USD
ha-1yr-1): Cregjow = 500,000 ha-1yr-1,
Creg,mid = 1,000,000 ha-1 yr—l, Creg,high

= 2,000,000 ha-1yr-1, excluding direct
fisheries/tourism to avoid double-counting
(Mangi et al., 2011; Zhiyun et al., 2011,
Marre & Billé, 2019; Zhao et al., 2022). The
annual field-level value was computed
using Eq. 2.11 with a 10-year cumulative
(undiscounted, 2015-2024) value using Eq.
2.12:

Vreg =Areg X Creq I ..(2.12)

Vreg,10y = 10 X Vyeq ..(2.12)
This approach attributes AR-improved
services (eutrophication avoidance, clarity
improvement, and nutrient cycling) to ob-
served shoaling, deposition, and vegetation
without discounting future flows.

2.2.6. Mainland Coastal Protection
Valuation (Vcpqst)

Mainland coastal protection valuation
(Veoast) quantified the Vaan Island’s shel-
tering e ect on the adjacent Thoothukudi
coastline using a replacement-cost ap-
proach (Jackson et al., 2014) that estimates
the avoided land loss from counterfactual
erosion in the absence of o shore reef-
island barriers. The Gulf of Mannar main-
land coast spans 140-160 km, fronted by

21 islands, including Vaan as the southern
sentinel, such that the average protected
stretch per island was computed as L = Liptqy
+21km per Island with low (140 km), cen-
tral (150 km), and high (160 km) scenarios
for L;ptq to bound parametric uncertainty.
Erosion depth without sheltering was speci-

fiedas D=0.5m yr1x20years=10m (see
Fig. 2.2), based on observed Thoothukudi
rates absent island attenuation. The coun-
terfactual eroded area was then calculated
using Eq. 2.13;
Ajost=L x 1000 x D (m2) ...(2.13)
Unit land values (C;qnq) Were calibrated to
government guideline rates and market
proxies for coastal agricultural/residential
parcels in erosion-prone Thoothukudi,
adopting low ( 3,000 m-2), medium ( 4,000
m-2), and high ( 5,000 m-2) scenarios
reflective of non-urban sandy stretches
(Thoothukudi Corporation, https://thoothu-
kudicorporation.com/img/upload/Asset-
Mapping_ULB-1.pdf, accessed 24 January
2026). The per-island protection value was
obtained viaEq. 2.14:

Veoast =Alost * Cland ..(2.14)

This approach attributes V., to Vaan’s
structural presence as a wave-dissipating
barrier, consistent with DSAS (Digital

~-4.99 - -3.00
-2.99 - -0.50
-0.49 - 0.50
0.51-3.00
3.01-5.00
5.01-16.02

TWWE T 1 mir TWFIUWE WNTE WHWE ™

Shoreline Analysis System)-derived stability
(mean 0.04 m yr-1, 2005-2025) relative to
counterfactual retreat, providing a capital-
equivalent estimate of sheltering services
without double-counting hydrodynamic
regulation in Vig. Figure 2.2. shows the
shoreline change statistics for the period of
2005 to 2025 at zones 1 and 2.

2.2.7. Aggregated Valuation (Viotql)
Total economic value (Vioq)) (Se€ Fig. 2.3)
was derived by aggregating the seven
valuation components across consistent
low-, mid-, and high-scenarios, distinguish-
ing one-o0 stock values (geomorphic, and
biodiversity) from annual flows (habitat,
epibenthos, fisheries, regulating services,
and coastal protection). Specifically,

Veoral (2024 hard-coral shadow value), Vg
(other epibenthic market value), and Vg,
(fisheries) represent annual 2024 flows
over 13 ha; Vyeo, Viio, aNd Veoqst Capture
one-o replacement costs for saved area;
and Vieg 10y SUMSs 10-year undiscounted
regulating flows (2015-2024). Alignment
ensured methodological consistency: low

~—-4.99 - -3.00
-2.99 - -0.50
-0.49 - 0.50
0.51 - 3.00
3.01 - 5.00
5.01-16.02

WIE WITNE WNTE WNNE

Fig. 2.2. Shoreline change statistics for the period of 2005 to 2025 at zones 1 and 2
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Data and Methods Utilized for Economic Valuation of Vaan Island

Vaan Island Crisis: 92%
Erosion during 1969-2015

Primary and
Secondary Data
Collection

e Underwater Visual
Census (UVC) - Standardized
ecological survey

® Belt-transect & quadrat
protocols - Quantitative
sampling

® High-resolution GPS
shoreline mapping - HTL/
LTL demarcation

@ Single-beam
echosounder bathymetry -
Depth contour analysis

® Gravimetric sediment
analysis - Trapping rate
quantification

@ Total Station
topography - Digital
Terrain Modeling

® Satellite-derived NDVI-
Vegetation health indexing
® Species-level taxonomic
enumeration - Biodiversity
accounting

Artificial Reef-driven
Island Restoration
Initiation in 2015

Socioeconomic and
Ecological Benefit
Quantification
and Valuation

® Shadow-price method
with benefit-transfer

® Direct market pricing
of harvestable biomass
® Replacement cost with
counterfactual modeling
® Avoided restoration
cost method

® Benefit-transfer using
physical proxies

® Replacement cost of
avoided land loss

® TEV (Total Economic
Value) - Comprehensive
valuation

® Social Discount Rate
(SDR) - Time value
adjustment

® Benefit-Cost Ratio
(BCR) -

Investment e iciency

® Net Present Value
(NPV) - Economic surplus

>

Socioeconomic and

Ecological Aspects
Considered

@ Hard-Coral
Habitat Valuation
(Vcora[)

® Direct Market
Valuation of

Other Epibenthic
Organisms

(Vorg)

® Fisheries
Enhancement
Valuation (Vgsp)

@ Geomorphic
Saved-Area
Valuation (Vo)

® \egetation and
Biodiversity Option
Valuation (Vpjo)

® Regulating and
Supporting Services
Valuation (Vyeg)

® Mainland
Coastal Protection
Valuation (Voqast)

2

(Total Economic Value)

Viotal= Veoral t Vorg
+ Vfish t Vgeo +Vpiot

Vreg, 1 0y+ Veoast

Fig. 2.3. Methodological Framework for Vaan Island AR Restoration Valuation

scenarios were paired with low unit values
across components, mid scenarios with mid
values, and high scenarios with high values.
The consolidated total value was computed
using Egn. 2.15:

Viotal = Veoral * Vorg + Vish + Vgeo +Vpio *
Vreg,lOy +Veoast . -(2-15)
where each term reflects scenario-specific
parameters. This additive framework fol-
lows total economic value (TEV) principles
(Plottu & Plottu, 2007), compartmentalizing
use values (direct market, fisheries) and
non-use values (habitat option, regulating
flows) without double-counting, thereby

yielding indicative restoration benefits
attributable to AR deployment over the
decadal assessment period.

2.3. Closure

Chapter 2 explained the combined biophys-
ical and economic design of the Vaan Island
restoration, linking a critically eroding
reef-island setting, a purpose-built AR con-
figuration, and a decade-long monitoring
program to quantify both geomorphic and
ecological responses. The study incorpo-
rated high-resolution primary datasets, viz.,
epibenthic communities, fish assemblages,
shoreline change, bathymetry, sedimenta-
tion, and vegetation structure, with recon-




-
o
[©)
o
Ll
4
-
<
=
=
I
O
[NE]
'_

Socio-Ecological and Economic Valuation

of Artificial-Reef-driven Restoration of Vaan Island

Gulf of Mannar, Tamil Nadu, India

structed historical baselines to rigorously
situate post-2015 trends against nearly five
decades of island decline and reef degra-
dation. Building on this empirical founda-
tion, an integrated valuation framework
was developed that treats AR modules as
bio-geomorphic infrastructure, translat-

ing ecological indicators into monetary
terms through shadow pricing of hard-coral
habitat (V,,q), direct market valuation of
other epibenthos and fisheries (Vorg, Vfish),
replacement-cost estimates for saved
island platform, vegetation/biodiversity,
and mainland coastal protection (Vgeo, Vio,
Vcoast), @nd benefit-transfer approxima-
tions for regulating and supporting services
(Vreg)s Which are then aggregated into a
total economic value (V) consistent with
TEV principles. The next chapter, Chapter

3, applies this framework to the observed
trajectories from 2015 to 2025, present-

ing quantitative results for each valuation
component and their synthesis. Section 3.1
evaluates hard-coral biomass accumulation
and associated habitat shadow values; Sec-
tions 3.2 and 3.3 quantify the direct market
contributions of non-coral epibenthos and
fisheries; Sections 3.4 and 3.5 examine
geomorphic stabilization and vegetation/
biodiversity option values on the saved
island area; Section 3.6 estimates decadal
regulating-supporting service flows; Sec-
tion 3.7 quantifies mainland coastal protec-
tion, culminating where Vi, is derived and
interpreted in relation to restoration costs,
regional reef values, and policy relevance
for GOMMNP and similar climate-vulnerable
reef-island systems.



RESULTS AND
DISCUSSION
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his chapter presents the empiri-
cal results following the frame-
work presented in the previous
chapter, based on the decadal
(2015 to 2025) monitoring of
artificial reef (AR) deployment at Vaan
Island, quantifying biophysical responses
across ecological, ggomorphic, bathymet-
ric, sedimentary, and vegetational indica-
tors, along with their economic valuations.
Sequential analyses address hard-coral
habitat shadow value (V¢org)), NON-coral
epibenthic market value (Vorg), fisheries
spillover (Vsisp), counterfactual geomorphic
saved-area replacement (Vgeo), vegetation/
biodiversity option value (Vpo), regulating/
supporting service flows (Vreg 10y), costal
protection value (Vgoast) @nd aggregated
total economic value (Vigtal), employing
scenario-based (low/mid/high) calibrations
to link observed metrics (e.g., densities,
areas, flows) to monetary estimates via
shadow pricing, direct markets, replace-
ment costs, and benefit-transfers over the
13 ha AR influence area. Section 3.1 evalu-
ates hard-coral biomass accumulation and
associated habitat shadow values; Sec-
tions 3.2 and 3.3 quantify the direct market
contributions of non-coral epibenthos and
fisheries; Sections 3.4 and 3.5 examine
geomorphic stabilization and vegetation/
biodiversity option values on the saved
island area; Section 3.6 estimates decadal
regulating-supporting service flows; Sec-
tion 3.7 quantifies mainland coastal protec-
tion, culminating where Vi, is derived and

interpreted in relation to restoration costs,
regional reef values, and policy relevance
for GOMMNP and similar climate-vulnerable
reef-island systems.

3.1. Analyzing Hard-Coral
Habitat Valuation (V¢oral)
Hard-coral habitat valuation revealed rapid
colonization and biomass accumulation on
AR modules, transitioning from complete
absence in 2015 to a mature assemblage
by 2024, demonstrating the e icacy of
perforated trapezoidal designs in facilitat-
ing scleractinian recruitment under Gulf

of Mannar conditions. Density progressed
from zero no. module-1 (2015) to 31.49
(2016), stabilizing at 68.66-81.33 no.
module-1 (2017-2024), with a mean annual

increment of ~6.3 colonies module-1 post-
initial establishment (Table 3.1). Scaled to
815 modules ha-1, this yielded colony densi-
ties ranging from approximately 25,664 ha-1
(2016) to 66,284 ha-1(2024), corresponding
to biomass accumulation from 12,832 kg
ha-1(2016) to a 2024 peak of 33,142 kg ha1,
representing ~2.6-fold growth over the de-
cade and densities comparable to recover-
ing fringing reefs.

Shadow prices derived from benefit-trans-
ferred reef values and 2024 biomass yielded
low/mid/high unit values of approximately
22, 140,and 281 kg-lyrl withthe
mid-case ( 140 kg-1 yr-1) adopted for time-
series application to reflect conservative
Indo-Pacific reef services (fisheries, protec-

tion, and biodiversity). Annual per-hectare
values escalated from approximately 1.80
lakh (2016) to 4.64 lakh (2024), manifest-
ing a compound annual growth rate (CAGR)
of 12.6% and a cumulative 2016-2024 flow
of ~ 26.5 lakh ha-1. Scaled to the 13 ha AR
influence area, 2024 field-level Vegral, 2024

= 60.32 lakh (~$71,810 USD), equivalent
to ~ 4.64 lakh ha-1 yr-1—within the lower
quartile of global reef valuations yet indica-
tive of AR-attributable habitat restoration
in a climate-stressed biosphere reserve.
The post-2020 plateau (~74-81 colonies
module-1) suggests saturation of available
AR substrate, with interannual variability
(+4.5%) attributable to monsoon recruit-
ment pulses and partial colony mortality,
underscoring the structural role of ARs in
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Table 3.1. lllustrative annual shadow value of hard coral habitat on artificial reef modules at Vaan
Island (2015-2024), based on total hard coral density per module, module density, average colony
biomass, and unit habitat value; values represent indicative habitat-forming service benefits (fish
production, biodiversity, and coastal protection) attributable to post-2015 artificial reef deployment.

(o (T TTIY BRI =TT Y R Value ha-1 yr-1 | Value for 13 ha yr-t
module-1) =(ax815) (kg) =(bx0.5) ENEIE(LIT)] (%) =(dx13)
a b c

2015 0 0 0 0 0
2016 31.49 25664.35 12832.175 1796504.5 2,33,54,559
2017 68.66 55957.9 27978.95 3917053 5,09,21,689
2018 73.09 59568.35 29784.175 4169784.5 5,42,07,199
2019 73.78 60130.7 30065.35 4209149 5,47,18,937
2020 76.01 61948.15 30974.075 4336370.5 5,63,72,817
2021 74.35 60595.25 30297.625 4241667.5 5,51,41,678
2022 76.77 62567.55 31283.775 4379728.5 5,69,36,471
2023 80.3 65444.5 32722.25 4581115 5,95,54,495
2024 81.33 66283.95 33141.975 4639876.5 6,03,18,395

sustaining ~66,000 colonies across 13 ha

by 2024, equivalent to ~5,100 colonies ha-1,
approaching natural reef benchmarks while
reversing pre-AR biotic desertification.

3.2. Analyzing the Direct Market
Valuation of Other Epibenthic
Organisms (Vo)

Direct market valuation of non-coral epi-
benthic organisms (molluscs, sponges, as-
cidians, echinoderms, and hydroids) dem-
onstrated rapid colonization of AR modules,
achieving functional habitat complexity
within 2 years and sustaining high-value as-
semblages through 2024. Density increased
from 4.57 no. ha-1(2015) to a peak of 50.92
no. ha-1(2018), stabilizing at 39.7-41.3 no.
ha-1(2021-2024), with a mean annual incre-
ment of ~4.5 no. ha-1 post-initial establish-
ment (Table 3.2). This translated to colony
densities of 4-42 ha-1 and biomass accumu-
lation from 17.98 kg ha-1 (2016) to 16.288 kg
ha-1in 2024, representing ~0.9-fold sus-
tained productivity comparable to that of
recovering reef-associated epifauna (10-25
kg ha-1). Market prices prevailing at landing
centers were applied directly to harvestable
biomass ( 500 kg-1; adjusted for commer-
cial value), yielding annual per-hectare

values escalating from 895,885 (2016)
toapeak 1,037,450 (2018), stabilizing at
814,388 (2024) with compound annual
growth rate (CAGR) of -1.2% reflecting post-
peak maturity equilibrium, and cumula-
tive 2016-2024 flow of ~ 81 million ha-1.
Scaled to the 13 ha AR influence area, 2024
field-level Vorg, 2024= 10.58 crores (~$1.26
million USD), equivalent to ~ 814,388 ha-1
yr-1, aligning with Indo-Pacific reef epiben-
thos market values and confirming ARs’ role
in provisioning high-value spillover biomass
to adjacent fisheries. The post-2018 plateau
(~40 no. ha-1) indicates substrate satura-
tion and competitive exclusion dynamics,
with interannual variability (+5%) driven
by larval settlement pulses and selective
predation, underscoring ARS’ capacity to
sustain ~426 colonies across 13 ha by 2024
(equivalent to ~33 colonies ha-1), improving
biodiversity and direct economic returns
while complementing coral habitat ser-
vices.

3.3. Analyzing the Direct Market
Valuation of Fisheries (Vfish)
Fisheries spillover valuation quantified

the growth in fish biomass and associated
market value attributable to the AR field

at Vaan Island. Annual fish density (Table

Table 3.2. Illustrative annual shadow value of other organisms (Octo corals, Mollscs, Sponges, Hydroids,
Ascidians, and Echinoderms) on artificial reef modules at Vaan Island (2015-2024), based on total
density per module, module density, average colony biomass, and unit habitat value; values represent
indicative habitat-forming service benefits attributable to post-2015 artificial reef deployment.

(oI T TTTY BRI =1 T Y ERR A Value ha-1 yr-1 | Value for 13 ha yrt
module-1) =(ax815) (CIEEIEIN (%) =(cx500) (%) =(dx13)
b b C

2015 4.57 3,725 1,862 9,31,138 1,21,04,788
2016 43.97 35,836 17,918 89,58,888 11,64,65,538
2017 49.13 40,041 20,020 1,00,10,238 13,01,33,088
2018 50.92 41,500 20,750 1,03,74,950 13,48,74,350
2019 455 37,083 18,541 92,70,625 12,05,18,125
2020 40.44 32,959 16,479 82,39,650 10,71,15,450
2021 40.84 33,285 16,642 83,21,150 10,81,74,950
2022 41.03 33,439 16,720 83,59,863 10,86,78,213
2023 40.99 33,407 16,703 83,51,713 10,85,72,263
2024 39.97 32,576 16,288 81,43,888 10,58,70,538

3.3) increased from 105.75 individuals per
hectare (ind. ha-1) in 2016 to 875.25 ind.
ha-1 by 2024, representing an 8.3-fold rise
over the monitoring period. Corresponding
standing biomass, calculated consider-
ing an average individual weight of 2 kg,
rose from 211.50 kg ha-1to 1,750.50 kg
ha-1. Applying a regional ex-vessel price of
1,250 per kilogram for mixed reef fish, the
gross annual value per hectare escalated
from 2,64,375in2016to 21,88,125in
2024. When scaled to the 13-hectare AR
influence area, total annual fisheries value
grew from approximately 34.37 lakh in

2016 to Vfish 2024 = 2.84 crore (~$338,000
USD) in 2024, illustrating a substantial and
sustained increase in harvestable resource
availability. This growth trajectory reflects
AR’s role in supporting the early life stages
of commercially important fish species. The
consistent year-on-year increase in both
density and economic value underscores
the AR field’s function as a productive
fisheries enhancement tool within the Gulf
of Mannar’s no-take marine protected area,
delivering measurable socio-economic
benefits to adjacent coastal fishing com-
munities.

Table 3.3. lllustrative annual fisheries productivity and value associated with fish assemblages on
artificial reef modules at Vaan Island (2016-2024), showing fish density, standing biomass, sustainable
catch, and gross ex-vessel value per year

Fish den_slity Standirlf b_iomass (:Loas_sl ‘;:_lr)i (:20;: ‘(’: I;:I;o:
(no. ha-1) (kg ha-1) = (ax2) (bx1250) (cx13)
b c
2016 105.75 2115 2,64,375 34,36,875
2017 183 366.0 4,57,500 59,47,500
2018 251.25 502.5 6,28,125 81,65,625
2019 337.75 675.5 8,44,375 1,09,76,875
2020 528.5 1057.0 13,21,250 1,71,76,250
2021 473.25 946.5 11,83,125 1,53,80,625
2022 576.5 1153.0 14,41,250 1,87,36,250
2023 750 1500.0 18,75,000 2,43,75,000
2024 875.25 1750.5 21,88,125 2,84,45,625
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3.4. Analyzing Counterfactual
Saved Area Valuation (Vge,)
Counterfactual geomorphic valuation
guantified the dynamic prevention

of further island submergence by AR
intervention, expressed as the replacement
cost of the total platform area conserved
relative to pre-restoration exponential
decay extrapolated to 2023 (Fig. 3.1).

The total saved-area matrix (Table 3.4)
combines three post-AR HTL states, viz., low
(1.80 ha), central (2.00 ha), high (2.30 ha),
with three restoration cost bands ( 10, 30,
50 lakh ha-1), yielding nine estimates of Vge,
spanning the full causal impact of halting
unabated erosion. Relative to without-AR
predictions from the fitted exponential
model (A = 28.309e-0-291X) at relevant time
steps (e.g., x = 14: 0.48 ha central), the low,
central, and high scenarios yield total saved
areas (Atotal saved) 0f 1.32, 1.52, and 1.82 ha,
respectively, representing the cumulative
platform that would otherwise have eroded
away by 2023. These values extend the
static gains by incorporating multi-year
prevention, where even the low scenario
(1.32 ha) captures substantial option value
beyond 2015 stabilization. Figure 3.1.
shows the dynamics of the Island area,
with and without AR-driven restoration
impacts.

At the central HTL scenario (2.00 ha, Attqr
saved = 1.52 ha), replacement costs span
1,520,000~ 7,600,000 as per-hectare costs
rise from 10to 50 lakh ha-l, with the mid-
cost ( 30 lakh ha-1) yielding 4,560,000 for
rebuilding the full counterfactual platform.
Under the high scenario (2.30 ha, Atotal saved
=1.82 ha), costs escalate to 1,820,000,
5,460,000, and 9,100,000, with Vgeo 2024 =
5,460,000 (~$65,000 USD) selected as the
central estimate because it aligns with the
empirically maximum HTL and moderate
dune/island reconstruction benchmarks
from Indian projects. The lowest matrix
cell (low HTL-low cost: 1,320,000)a irms
non-trivial long-term prevention, even
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Table 3.4. Total saved area replacement cost matrix for the period 1969-2023 (option value of
island platform)

IR\ ETE Total saved area
scenario

Vgeo at 10 lakh
Atotal saved (ha) ha'1 () ha-1 (%) ha-1 ()
b c

Vgeo at 30 lakh Vgeo at 50 lakh

Low (1.80 ha) 1.32 1,320,000 3,960,000 6,600,000
Central (2.00 ha) 1.52 1,520,000 4,560,000 7,600,000
High (2.30 ha) 1.82 1,820,000 5,460,000 9,100,000

conservatively, while the upper-right (high
HTL-high cost: 9,100,000) bounds inten-
sive full-platform recreation, validating the
mid-high compromise ( 5,460,000) for Ve,
in terms of overall geomorphic value.

3.5. Analyzing Vegetation and
Biodiversity Valuation (Vp;,)
Vegetation and biodiversity valuation quan-
tified the avoided restoration cost of Vaan
Island’s coastal plant assemblage preserved
on the geomorphically saved area, revealing
a structured cost gradient across low/mid/
high scenarios that benchmarks the option
value of 26 species spanning five lifeforms
(L creeper, 1 climber, 11 herbs, 7 shrubs,
and 6 trees) across three vegetation divi-
sions (foreshore sandy, inland sandy, and
saltmarsh) on four landforms (beach, dunes,
sandy plain, and spit) (Tables 3.5-3.6). Ap-
plied to the saved area of 1.82 ha, restora-
tion costs escalated linearly from 200,000
ha-1 (low: basic planting) to 500,000 ha-1
(mid: planting + maintenance) to 1,000,000

ha-1 (high: intensive propagation/protec-
tion), yielding field-level Vj;, values of

364,000, 910,000,and 1,820,000, respec-
tively (Table 3.5). The mid-scenario [Vpio 2024
= 910,000 (~$10,833 USD)] was adopted in
this valuation as it aligns with documented
Indian coastal shelterbelt intensities
required for halophyte establishment on
accreted carbonate sands, where survival
rates necessitate supplemental irrigation
and predator exclusion.

The Cost per Species-Hectare Saved Index
(CSI) normalized these values by composi-
tional diversity (S X Asqyeq =26 x 1.82=47.32
species-ha), producing scenario-specific in-
tensities of approximately 7,692, 19,231,
and 38,462 per species-ha (Table 3.6).
Unlike earlier interpretations, these positive
CSl values represent the implied avoided
restoration cost per species-hectare—a
measure of conservation e iciency—rather
than a direct expenditure. This metric un-
derscores the cost-e ectiveness of AR sta-

Table 3.5. Vegetation/biodiversity replacement cost value on the saved area

Cbio (T ha1)

Scenario (cost)

Saved area Agqyeq (ha)

Vegetation/biodiversity
option value Vp;, (%)

Low 200,000 1.82 3,64,000
Mid 500,000 1.82 9,10,000
High 1,000,000 1.82 18,20,000

Table 3.6. Implied cost per species hectare saved

Species x Saved Area
(species ha)

Cost per species ha, CSI (%)

Low 3,64,000 47.32 7692.31
Mid 9,10,000 47.32 19230.77
High 18,20,000 47.32 38461.54
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annual flows from 6.5 millionto 26.0 mil-
lion over the 13 ha influence area and a 10-
year cumulative value ranging from 65.0
million (low) to 260.0 million (high) for the
2015-2024 period (Table 3.7). This study
adopted the mid-annual economic flow,
Vreg,2024 = 13 crores (~$1.55 million USD), for
the total economic valuation. The low sce-
nario (Creg, low = 500,000 ha-1yr-1) reflects
conservative attribution for basic water
filtration and nutrient retention; the mid
scenario (1,000,000 ha-1yr-1) incorporates
habitat support via epibenthic complexity;
and the high scenario ( 2,000,000 ha-1yr-1)
encompasses full bio-geomorphic feed-
backs (shallowing, deposition, and primary
production), with the upper bound adopted
to capture observed proxies: bathymetric
expansion (0.5 m contour: 0.21-4.9 ha),
sustained sedimentation (mean 20 mg cm-2
day-1), and vegetation stratification (four
NDVI classes).

bilization in passively conserving a multi-
stratified plant assemblage (dominated by
salt-tolerant Ipomoea pes-caprae, Sesuvium
portulacastrum, and Scaevola plumieri)
that would otherwise require active, labor-
intensive nursery operations. The high-
case CSI ( 38,462 species-ha-1) aligns with
established IUCN dune restoration bench-
marks (~ 20,000-50,000 species-ha-1) and
reflects the intensive investment needed to
re-establish native vegetation on eroded or
reclaimed coastal land. The linear relation-
ship between restoration cost and con-
served area validates the scalability of the
valuation framework, while the ~2.5-fold
range in total Vbio ( 364,000- 1,820,000)
captures reasonable uncertainty in plant-
ing density (500-2,000 stems ha-1) and
survival rates (40-80%) for Gulf of Mannar
psammophytes. The adopted mid-case Vpiq
= 9,10,000 thus represents a conservative
yet comprehensive attribution for preserv-
ing ~47.32 species-ha of functional coastal
vegetation. Although this constitutes a
modest fraction (~1-2%) of the total project
economic value, it represents a critical
bio-geomorphic feedback that enhances
sediment stability, supports island accre-
tion, and sustains the long-term e icacy of
AR-driven restoration in a climate-vulnera-
ble reef-island system.

These unit values derive from global

coral reef/coastal wetland meta-analyses
(5,000-25,000 USD ha-1yr-1), conservatively
downscaled for the Indian small-island con-
text while excluding provisioning (fisheries)
and cultural services to prevent double-
counting. Annual field totals scale linearly
with per-hectare flows (13 ha multiplier),
while the undiscounted decadal cumulative
assumes constant service provision post-
AR deployment—a simplifying assump-

tion validated by persistent bathymetric
stability and NDVI progression, though
real-world discounting (3—-7% social rate)
would reduce Vieg, 10, by 20-35%. The high
scenario ( 260.0 million) accounts for a

3.6. Analyzing Regulating

and Supporting Services
Valuation (Vyeg)

Regulating and supporting services valua-
tion resulted in a tiered benefit-transfer as-
sessment, anchored in AR-induced phys-
ical-ecological transformations, yielding

of Artificial-Reef-driven Restoration of Vaan Island

Socio-Ecological and Economic Valuation
Gulf of Mannar, Tamil Nadu, India

-
o
[©)
o
Ll
4
-
<
=
=
I
O
[NE]
'_

Table 3.7. Annual and cumulative 10-year regulating/supporting service value

Per-ha regulating

LULTEIREIUEN 10-year cumulative

Scenario

value Creq
(X ha-lyri)

Area Ayoq (ha)

b

Vreg (xyri)

[

Vreg,10y (%)

Low 500,000 13 65,00,000 6,50,00,000
Central 1,000,000 13 1,30,00,000 13,00,00,000
High 2,000,000 13 2,60,00,000 26,00,00,000
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Table 3.8. Counterfactual mainland land loss valuation for Vaan Island’s 6-8 km protected

coastal stretch under di erent pricing scenarios.

Total Lost Area Low Medium High
(«EIUGUR Island (km) (sq.m) (&R N (¥4,000/sq.m) (¥5,000/sq.m)
140 6.67 66,667 20,00,00,000 26,66,66,667 33,33,33,333
150 7.14 71,429 21,42,85,714 28,57,14,286 35,71,42,857
160 7.62 76,190 22,85,71,429 30,47,61,905 38,09,52,381

dominant share of the total economic value
(~45%), reflecting the outsized role of regu-
latory services in restoration economics,
where hydrodynamic mitigation underpins
biotic recovery. The ~4-fold scenario range
( 65.0M- 260.0M) quantifies parametric
uncertainty in service intensity, with the
high case (~ 2.0M ha-1yr-1or~ 25,000 ha-1
yr-1USD-1) aligning with upper-quartile
reef valuations for erosion control and
water quality—empirically supported by
AR-induced shoaling (2.5-0.5 m depth)
that reduced wave energy penetration and
increased sediment retention, thereby
sustaining emergent vegetation critical for
long-term island viability.

3.7. Analyzing Mainland Coastal
Protection Valuation (V g3st)
Mainland coastal protection valuation
quantified Vaan Island’s sheltering e ect
against erosion of Thoothukudi coast,
expressed as the replacement cost of
counterfactual land loss absent o shore
island attenuation over its protected
stretch (Table 3.8). The valuation matrix
integrates three Gulf of Mannar mainland
scenarios, viz., low (140 km total coast),
central (150 km), and high (160 km), divided
by 21 (the number of islands) to derive
per-island (here for Vaan Island) stretches
of 6.67, 7.14, and 7.62 km, coupled with
three land pricing bands ( 3,000, 4,000,
5,000 m-2) reflective of guideline values

for erosion-prone coastal parcels. With 10
m counterfactual erosion (0.5 m yr-1 x 20
years per DSAS baselines), lost areas span
66,667—76,190 m-2, yielding nine Vogst
estimates from conservative sheltering to
maximum exposure. At the central scenario

(150 km total, 7.14 km stretch, 71,429 m-2
lost), values range from 26,66,66,667 to

30,47,61,905, with the mid-price ( 4,000
m-2) at 28,57,14,286 for land replacement.
The low matrix cell (140 km- 3,000 m-2;

200,000,000) conservatively bounds
minimal sheltering for Vaan’s southern
position, while the high cell (160 km- 5,000
m-2: 38,09,52,381) delineates full exposure
under premium pricing; the marked central-
mid [Veoast 2024 = 28.57 crores (~$3.40
million USD)] is adopted as benchmark,
capturing realistic parametric midpoints
and emphasizing Vaan’s outsized role in
stabilizing the Thoothukudi coast versus
unchecked retreat.

3.8. Analyzing Aggregated Total
Economic Value (Viotal)
Aggregation of the seven valuation compo-
nents yields a consolidated total economic
value (Viotqy) of 61,67,18,843 [Vigtal 2024 =
61.67 crore (~$7.34 million USD)] attrib-
utable to the Vaan Island AR restoration
under the adopted mid/high scenario
mix, representing the comprehensive
bio-geo-economic returns from a decade
of hybrid engineering—ecological interven-
tion (Fig. 3.2). This figure sums hard-coral
habitat shadow value (Veora = 6,03,18,395;
9.78%), other epibenthic market value (Vorg
= 10,58,70,538; 17.17%), fisheries spillover
(Viish = 2,84,45,625; 4.61%), counterfactual
geomorphic saved-area replacement (Vgeo
= 54,60,000; 0.89%), vegetation/biodiver-
sity option value (Vpjg = 9,10,000; 0.15%),
10-year regulating/supporting service
flows (Vreg,10y = 13,00,00,000; 21.08%),
and mainland coastal protection (Vegast =
28,57,14,286; 46.33%).

SOCIOECONOMIC AND ECOLOGICAL COMPONENTS A
Vcoast 28.571
Vreg, 10y 13.000

Vbio 0.091

Vgeo | 0.546

vish [ 2-845

Vorg 10.587

Vcoral _ 6.032

0 5 10 15 20 25 30

Value in Indian Rupees ( in crore)

Fig. 3.2. Component-wise
breakdown of total economic value
(Viota = 61.67 crore) from Vaan
Island AR restoration: (a) Absolute
values highlighting the primacy

0f Veoast ( 28.57 Cr), followed by
Vreg,10y ( 13 Cr), Vorg ( 10.60 Cr),
Veoral ( 6.03 Cr), Viish ( 2.85Cr),
Vgeo ( 0.55Cr), and Vo ( 0.09 Cr).
(b) Proportional contributions

Vcoral
9.78%
Vcoast Vorg
46.33% F.7.17°/o
Vfish
4.61%
Vgeo
0.89%
Vbio
0.15%
Vrreg,10y
21.08%

showing dominance of mainland
coastal protection (Vgoast, 46%) and
regulating services (Vreg, 10y, 21%)

Component contributions highlight the
pre-eminence of mainland coastal protec-
tion (Veoast, 46.33%) and regulating services
(Vreg,10y, 21.08%), together accounting

for nearly ~67% of Vtotal and underscor-

ing the dominance of avoided damage

and long-term ecosystem regulation over
on-site stock values (Vgeo + Vpio = 1.%). Bi-
otic habitat and provisioning components
(Veoral + Vorg * Viish = 31.6%) still represent
substantial recurrent flows, reflecting rapid
epifaunal succession and fisheries enhance-
ment atop the restored platform. Expressed

per-hectare over the 13 ha AR influence
area, Viotal is ~ 4.74 million ha-1, position-
ing the Vaan intervention within the upper
range of tropical reef restoration projects
while maintaining conservative assump-
tions for area and unit prices. The additive
TEV structure remains methodologically
coherent by compartmentalizing direct-use
values (Vorg, Vfish, part of Veoast), indi-
rect-use/regulating values (Veoral, Vregs10y:
remainder of Vgast), @and option/stock
values (Vgeo, Vhio) Without double-counting,
thereby providing a defensible benchmark
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for scaling similar AR-based island restora-
tions across the Gulf of Mannar.

3.9. Cost-Benefit Synthesis
Relative to Aggregated Total
Economic Value (Viotal)

The decadal aggregation of the seven socio-
ecological-economic benefits yields a Total
Economic Value (Vigtg)) Of 61.67 crores
attributable to the AR intervention at Vaan
Island. To evaluate the fiscal e iciency and
strategic wisdom of this public investment,
this value must be rigorously juxtaposed
against the project’s expenditure, account-
ing for the opportunity cost of capital over
the nine-year period from deployment
(2015) to valuation (2024). The initial capital
outlay for deploying 10,600 trapezoidal AR
modules was approximately 17.00 crores
(nominal, 2015). A nominal comparison
with Viota) SUggests a direct return of over
five times the investment. However, sound
economic appraisal requires adjusting

this historical cost to its present (2024)
equivalent value, representing the forgone
return had the capital been deployed in

an alternative investment with a standard
social rate of return. Applying the future
value (FV) formula: FV =PV x (1 +r)n, where
PV = 17.00 crores and n =9 years, under

di erentdiscount rate scenarios relevant to

public and environmental projects, yields
the adjusted costs as shown in Table 3.9.
The standard 5% (Standard Social Dis-
count Rate) is adopted for the central-end
economic analysis, translating the 2015 ex-
penditure to an opportunity-cost-adjusted
2024 equivalent of 26.37 crores. This figure
represents the true economic burden of the
project against which the accrued benefits
must be weighed.

Comparing Viotg @gainst both the nominal
and the economically adjusted costs
provides a range of Benefit-Cost Ratios
(BCR), while Net Present Value (NPV)
calculates the net wealth generated

(see Table 3.10). The nominal BCR of

3.63 demonstrates that the intervention
generated over 5 in socio-ecological
value for every 1 of public money initially
spent—an exceptional return for a coastal
adaptation project. The adjusted BCR of
2.34, which accounts for the time value of
money, is the critical policy metric. ABCR
significantly exceeding 1.0 confirms that
the project was a superior use of capital
compared to its alternative investment
opportunity, creating substantial net social
value. The positive NPV [~ 35.3 crores
(~$4.20 million USD)] represents the net
economic wealth generated for society

Table 3.9. Equivalent 2024 value of the 2015 artificial reef investment ( 17 Crores)

DINGITAELE  Rationale [ Typical Use Annual Time (:::::‘:'::' Future Value
Scenario Case Rate (r) Period (n) (FV) in 2024
(1+r)n
3% Used for long-term
(Conservative | environmental projects with 3% 9 years 1.3048 22.18 Crores
Social Rate) high future societal value
Common benchmark
5% (Standard | for public infrastructure
Social and policy analysis (e.g., 5% 9years 1.5513 26.37 Crores
Discount Rate) |  World Bank, Govt. of
India)
7%
. Reflects the average cost
(Commercial . . .
Obportunit of capital or higher-risk 7% 9years 1.8385 31.25 Crores
PP Y| alternative investments
Cost)

Table 3.10. Cost-benefit summary of Vaan Island AR restoration

s . Value
. Sum of 7 TEV
A '\I’/(;tllajleE((\:/onor)mc components (2024 61.67 Veoral * V\‘/’rg * Vﬂih\;' Vgeo * Vbio *
total valuation) reg,10y T Vcoast
B. Nominal Project | Initial AR deployment .
Cost (2015) capital outlay 17.00 From project context (10,600 modules)

C. Opportunity- Future Value of 17 Cr

Cost-Adjusted Cost | (2015) at 5% p.a. over 9 26.37 FV =17 x (1.05)9 = 26.37 Cr
(2024) years

D. Nominal Benefit- . . .

Cost Ratio (BCR) Viotal / Nominal Cost 3.63 >3.7x return on nominal expenditure
E. Adjusted Benefit- | Viota / Opportunity-Cost- 234 >2.4x return vs. commercial

Cost Ratio (BCR) Adjusted Cost ' alternatives

L Strongly positive NPV confirms high

= NEPTEeEm e S Ik g 35.30 economic viability and net social

(NPV) @ 5%

Adjusted Cost

benefit




-
o
o
o
Ll
4
-
<
=
=
I
O
[NE]
'_

Socio-Ecological and Economic Valuation

of Artificial-Reef-driven Restoration of Vaan Island

Gulf of Mannar, Tamil Nadu, India

and the coastal and marine environment.
This surplus value encompasses not
only market-aligned benefits (fisheries,
avoided reconstruction) but crucially, the
non-market gains in biodiversity, habitat,
and long-term coastal resilience that are
0 en excluded from conventional project
appraisals. The analysis remains robust
under sensitivity testing. Even applying a
stringent 7% discount rate (adjusted cost:
31.25 Cr), the BCR remains healthy at
1.97, and the NPV remains strongly positive
at 30.4 Cr. This confirms the project’s
economic soundness across a plausible
range of financial assumptions.

3.10. Closure

This chapter presented the empirical results
from a decade of biophysical and economic
monitoring following the deployment of

an AR at Vaan Island. The findings confirm
that the AR intervention has delivered
transformative socio-ecological and
economic returns. Key outcomes include
rapid biological colonization—with hard
coral density reaching 81.33 colonies

per module and fish density increasing
8.3-fold—and significant geomorphic
stabilization, reversing a 92% erosion trend
and increasing the island’s high-tide area.
The integrated TEV framework quantified
these changes across seven components,

yielding a consolidated decadal benefit

of 61.67 crores attributable to the
restoration. A rigorous cost-benefit analysis
demonstrates the project’s strong fiscal
performance: even a er adjusting the 2015
investment of 17.00 crores for the time
value of money (2024 equivalent: 26.37
crores at a 5% social discount rate), the
intervention delivers an Adjusted Benefit-
Cost Ratio (BCR) of 2.34and a

Net Present Value (NPV) of 35.30 crores.
These results remain robust under
sensitivity analysis, confirming that

the AR restoration represents a high-

return public investment that generates
substantial net social and ecological value.
Collectively, the results validate the “Vaan
Island Model” as an e ective, evidence-
based approach to coastal adaptation—one
that integrates ecological recovery with
measurable socio-economic benefits.

The following chapter will synthesize

these findings into overarching

conclusions and present targeted
recommendations for scaling this model
across the Gulf of Mannar and similar
vulnerable coastal systems. Next, Chapter 4
will conclude by interpreting these findings,
examining the policy and management
implications for the Gulf of Mannar

Marine Biosphere Reserve, and outlining
recommendations.
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This study presents a decadal

(1969-2015 and 2015-2025),

multi-dimensional assessment

of artificial reef (AR)-driven

restoration for the critically
eroded Vaan Island in the Gulf of Mannar
Biosphere Reserve. By integrating rigorous
biophysical monitoring with a comprehen-
sive Total Economic Value (TEV) framework,
the investigation moves beyond qualita-
tive success metrics to deliver quantifiable
socio-ecological and economic evidence, as
demonstrated in Fig. 4.1.

GEOMORPHIC AND
ECOLOGICAL RESTORATION

m [sland stabilized: 1.53 - 2.30 ha HTL
m Hard coral: 81.33 colonies/module

m Fish density: 8.3 x increase

m Sediment deposition: ~20 mg/cm2/day
m 26 native plant species preserved

REPLICABLE CLIMATE
ADAPTATION BLUEPRINT

= EbA model counters sea-level rise

m Scalable to the other 20 eroding
islands of Gulf of Mannar

m Hybrid engineering-ecological design
m Proven in a high-energy UNESCO reserve

¥ = FINCLUSIVE AND

SOCIO-ECONOMIC RETURN
AND VIABILITY

m TEV: 61.67 Cr over decade
m Benefit-Cost Ratio: 2.34

m ~67% value from coastal
protection and regulating services

= High ROl on natural
infrastructure

TRANSFORMATIVE GOVERNANCE

m Gender-responsive monitoring
pathways

= Women as knowledge-holders &
stewards

m Community-integrated valuation
framework

m Policy-ready evidence base

Fig 4.1. The Four-Pillar Success Framework of the Vaan Island Restoration Project, summarizing the integrated
ecological, economic, climate-resilient, and socially-inclusive outcomes of the decadal intervention

The following key conclusions are drawn
based on the methodological approach,
results, and discussion:

2 AR Intervention Achieved Primary
Geomorphic and Ecological Objectives.
The deployment of 10,600 trapezoidal

AR modules successfully halted and
reversed the severe erosional trajectory
of Vaan Island. The island’s high-tide

line (HTL) area, which had diminished by
92% (from 20.08 ha in 1969 to 1.53 ha in
2015), was stabilized and increased to a
maximum of 2.30 ha. This geomorphic
stabilization provided the platform for
ecological recovery, directly achieving the
project’s core goal of preventing island
submergence.

< AR Modules Served as Highly Effective
Bio-geomorphic Infrastructure. The
modules functioned dualistically: as
wave-dissipating structures that reduced

hydrodynamic energy, encouraged
sediment deposition (mean rate ~20

mg cm-2 day-1), and induced significant
bathymetric shallowing (e.g., 2.5 mto <1

m in key areas); and as complex benthic
substrates that facilitated rapid and diverse
biological colonization. This dual role
confirms the design’s e icacy for hybrid
engineering-ecological restoration in high-
energy environments.

< Rapid Biological Succession Validates
ARs as Artificial Habitat. The AR field
achieved a rapid transition from a biotic
desert to a mature epibenthic assemblage
within a decade. Hard coral colonization
reached 81.33 colonies module-1 (=115,000
colonies ha-1), while non-coral epiben-
thos (molluscs, sponges, ascidians, etc.)
achieved densities of 39.97 organisms
module-1. This succession trajectory mirrors
natural reef recovery patterns, establishing
the AR field as a fully functional surrogate
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habitat that reverses biotic homogeniza-
tion.

2 Fisheries Enhancement Confirms Spill-
over Benefits. Fish assemblage density
around the AR field increased 8.3-fold, from
105.75 to 875.25 individuals ha-1 between
2016 and 2024, with biomass reaching
1,750.50 kg ha-1. The dominance of com-
mercially valuable families (Lutjanidae,
Scaridae, and Lethrinidae) demonstrates
that the restoration directly improves
fishery resources, providing tangible, har-
vestable spillover benefits to the adjacent
small-scale fishing communities of the
Thoothukudi coast.

2 The Total Economic Value (TEV) of
Restoration Vastly Exceeds the Investment
Cost. The integrated socio-economic
valuation yields a decadal TEV of 61.67
crores attributable to the AR intervention.
Even when accounting for the opportunity
cost of capital (adjusting the 2015 project
cost of 17 crores to a 2024 equivalent of

26.37 crores at a 5% discount rate), the
project demonstrates a robust Benefit-
Cost Ratio (BCR) of 2.34 and a strongly
positive Net Present Value (NPV) of 35.3
crores. This conclusively proves that the
investment was economically e icient
and generated substantial net social and
ecological wealth.

2 Valuation Reveals the Dominance of
Regulating and Protective Services. The
component-wise breakdown of TEV shows
that non-market, indirect-use values ac-
count for the majority of benefits. Mainland
coastal protection (Vgoast, 46.33%) and
regulating/supporting services (Vreg, 10y,
21.08%) together account for nearly ~67%
of the total value. This underscores that
the primary economic return of island
restoration is not direct harvesting, but the
avoided costs of coastal erosion damage to
mainland infrastructure and the long-term
provision of ecosystem regulation (e.g., wa-

ter filtration, nutrient cycling, and habitat
support).

2 On-Site Biodiversity and Habitat Val-
ues Are Substantial and Growing. While
smaller in proportion to protection values,
the direct habitat and provisioning com-
ponents, viz., hard coral habitat (Veoral),
other epibenthos (Vo(g), and fisheries (Vis),
collectively represent approximately 31.6%
of TEV ( 19.46 crores). These are annual or
recurrent flows, indicating that the AR field
is not just a static structure but a produc-
tive, value-generating ecological asset that
will continue to accrue benefits over time.

2 The Model Provides a Scalable Blueprint
for Climate Adaptation. The Vaan Island
case study demonstrates a viable, evi-
dence-based model for Ecosystem-based
Adaptation (EbA). By addressing both the
symptom (erosion) and the cause (loss of
wave-bu ering reef structure), the project
improves resilience against sea-level rise
and climate-induced stressors. The suc-
cessful methodology, viz., from site-specific
hydrodynamic modelling and modular

AR design to the integrated TEV monitor-
ing framework, is directly replicable for

the other 20 eroding islands in the Gulf of
Mannar and analogous reef-island systems
globally.

2 Gender-Transformative Reef Restoration
within Protected Areas: The Vaan Island TEV
framework’s seven components provide
strategic entry points for Gender Strategy
alignment, advancing from women-inclu-
sive monitoring (coral/epibenthos data
collection) to transformative roles (women-
led research cooperatives, fisheries advo-
cacy, resilience leadership in bu er zones),
operationalizing the continuum from blind/
sensitive - responsive - transformative
participation within GOMMNP no-interven-
tion boundaries

In summary, the decadal intervention at
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Vaan Island has conclusively transitioned it
from a state of imminent loss to a stabi-
lized, ecologically vibrant, and economi-
cally valuable asset. The project validates
the strategic use of artificial reefs as
powerful tools for integrated coastal zone
management, achieving concurrent goals
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of biodiversity conservation, fisheries en-
hancement, coastal protection, and climate
resilience while delivering an outstanding
return on public investment. This work
provides the critical evidence base to justify
policy shi s and strategic scaling of nature-
positive engineering solutions.
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