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ABSTRACT

Wetland avifauna diversity monitoring across large geographic extents is constrained by the logistical and financial
demands of systematic field surveys, creating critical data gaps for conservation assessment and policy evaluation.
Geographic information system (GIS)-based approaches integrating satellite remote sensing, citizen science occurrence
data, and spatial modelling offer a cost-effective complementary framework for mapping wetland bird diversity at regional
to continental scales. This study developed and validated the most comprehensive GIS-based wetland avifauna diversity
mapping framework yet applied to the Central European wetland system, integrating Sentinel-2 multispectral imagery,
SRTM digital elevation data, OpenStreetMap hydrological layers, citizen science eBird observations (n = 1.84 million
records; 2010-2021), and standardised transect survey data from 247 wetland sites across Austria, Sweden, and Italy as
validation. The GIS-derived wetland avifauna diversity index (WADI), combining spectral water indices, vegetation
structure metrics, and landscape context variables, predicted field-measured bird species richness with r2 = 0.84 (RMSE
= 4.7 species) at 100 m resolution across 247 validation sites. Wetland area, heterogeneity (Shannon landscape diversity
index), and buffer zone naturalness jointly explained 74.8% of between-site richness variance. Temporally, richness was
highest during spring migration (April-May; mean 38.4 +- 8.4 species per site) and lowest in winter (December-February;
14.7 +- 4.7 species). The WADI mapping framework identified 847 wetland patches across the three-country study area
as high-priority for waterbird conservation but currently lacking formal protected area designation -- providing an
evidence-based target list for national PA expansion under the GBF 30x30 commitment.
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1. Introduction

1.1 Wetland Avifauna and the Monitoring
Challenge

Wetlands -- encompassing freshwater and coastal
marshes, peatlands, lakes, rivers, and estuaries --
support a disproportionate fraction of global bird
diversity relative to their area, serving as nestlnog
foraging, and_staging habitats  for over 1,000
species globally including all shorebird species,
most waterfowl, herons, rails, and _specialist
waders (Finlayson and Moser, 1991). Waterbird
gopulatlons globally declined by approximately
6% between 1970 and 2020 according to_ the
Living Planet Index, tracking closely with"wetland
area losses estimated at 35% _ since 1970
(Davidson, 2014). Monitoring this decline across
continental areas requires systematic survey effort
at scales that cannot be sustained by conventional
field programmes alone: the  fragmented,
geo raghlcalljg dispersed nature of FEuropean
wetland habitats -- thousands of small ponds,
oxbow lakes, wet meadows, reedbeds, and river
margins distributed across the landscape -- makes
Com%rehenswe field survey financially prohibitive.
GIS-based remote sensing frameworks that can
produce validated diversity maps from satellite
data thus address a genuine monitoring gap of
direct conservation relevance.

1.2 GIS and Remote Sensing for Bird Diversity
Mapping

Remote sensing has been applied to bird diversity
mapping across multiple scales and approaches:
habitat classification from multispectral image
to identify species-specific habitat types; spectra
heterogeneity as a proxy for vegetation structural
diversity and thus specles richness (the 'spectral
variability hypothesis'; Palmer et al.,, 2002);
landscape metric analysis quantifying (i).atc.h size,
shape, and connectivity; and_species distribution
modelling combining ™ satellite-derived habitat
variables with occurrence data. For wetland birds
specifically, the combination of water detection
indices (NDWI, MNDWIf, vegetation _structure
metrics (NDVI, EVI, }1)ant area index), and
landscape context variables (buffer zone land use,
distance from disturbance) has achieved species
richness prediction accuracies of R2 = 0.60-0.82 in
regional validation studies (Turner et al., 2003).
The integration of high-density citizen science
occurrence data (eBird) as "an independent
validation dataset -- and as a source of temporal
richness dynamics data not available from satellite
imagery alone -- represents a methodological
advance over single-source approaches.

1.3 Objectives

This study developed and validated the WADI
(Wetland "Avifauna Diversity Index) GIS-based
ma%)pm framework for the Central European
wetland system, addressing four objectives: (i)
derive and validate a multi-variable WADI score
for each delineated wetland patch in the
three-country study area from Sentinel-2 imagery
and  GIS layers;” (ii) validate WADI _against
standardised field survey bird species richness at
247 sites; (iii) characterise the seasonal dynamics
of wetland avifauna richness from eBird data; and
(iv) apply WADI to identify _high-priority
unprotected wetlands for national PA “expansion
planning.

2. Literature Review

2.1 Sentinel-2 for Wetland Mapping

Sentinel-2 -- the European Space Agency's
twin-satellite multispectral mission providing
13-band imagery at 10-60 m resolution with a
5-day revisit' cycle -- has become the global
standard. for vegetation and wetland mazpdpm
since its launch in 2015-2017 (Drusch et al., 12?.
The instrument's red-edge bands (705, 740, 783
nmg and short-wave infrared bands (1610, 2190
nm) provide exceptional discrimination between
vegetation types and water
available from earlier sensors. For wetland
characterisation, = the  Modified  Normalized
Difference Water Index (MNDWI; Green - SWIR1 /
Green + SWIR1) and the Automated Water

conditions not

Extraction Index (AWEI) from Sentinel-2 achieve
wetland mapping accuracies of 87-96% in
validation studies against Ramsar inventory data --
substantially better than MODIS-derived {)roducts
at 250-500 m resolution (Taddeo et al., 2019).

2.2 Landscape Ecology of Wetland Bird
Communities

The species richness of wetland bird communities
is strongly influenced by both patch-scale and
landscape-scale variables. At the patch scale,
water body area (species-area relationship; z =
0.18-0.28 " for wetland birds), water = depth
heterogeneity (creating microhabitats for wadin
birds, ~ diving ducks, surface feeders), an
emergent vegetation cover _and_  structure
(providing nesting habitat for rails, bitterns, and
marsh Dbirds) _are the é)rlma determinants
MacArthur and Wilson, 1967; Guthery and Stoots,
987). At the landscape scale, the proportion of
wetland area within ~a given "radius, the
connectivity of individual wetlands to a broader
wetland _ network, and the quality of the
surrounding terrestrial matrix _(agricultural
intensification reducing food availability and
increasing disturbance) all affect species richness
substantially -- often accounting for more variance
51(1)%% )patch—scale variables alone (Deckers et al.,

2.3 eBird as a Validation and Temporal Data
Source

eBird -- the Cornell Lab of Ornithology's structured
bird observation database -- accumulated over
1.84 Dbillion observations from 800,000+ active
contributors by 2022, making it the largest
biological citizén science database in existence.
For Europe, eBird data density is high enough
(mean > 1,000 complete checklists per 1-degree
cell per year in Western and Northern Europe) to
provide Tobust relative abundance and richness
estimates for wetland birds when filtered to
complete checklists (where the observer reports
all species detected). The primary strengths of
eBird for this study are its temporal resolution

(daily records enabling seasonal dynamics
characterisation) and _its independent validation
value -- since eBird records _are ~completely

independent of the Sentinel-2 WADI modelling
approach, their correlation with WADI predictions
provides a validation pathway not subject to
circularity.

Table 1. WADI framework: input variables,
remote sensing sources, and contribution to
diversity index

Variab Specifi Data Spa Cont Ecological
le Cat c¢ Varia Sour tial ribut Rationale
egory ble ce Res ion
olut toW
ion ADI
WATE | ---
R INDI
CES
(4):
Water MNDWI Senti 10m  18.4 Open water
detecti  (Modifie nel-2 % area; feedin
on d B3/B1 g/bathing
NDWI) 1 habitat
Water = AWEI Senti 10m 12.4 Seasonal
detecti | (Auto. nel-2 % water extent
on Water variation
Extr.
Index)
Water @ Turbidit | Senti 10m 8.4% @ Water
clarity | yindex | nel-2 clarity
(B4/B2) affects
diving bird
use

50



Zoological Archives: An International Journal
ISSN: 3117-695X Vol: 2022, Issues: Issue2, 2022

https://stanfordgroup.org/index.php/ZAlJ/issue/archive

Variab Specifi Data Spa Cont Ecological
le Cat c Varia Sour tial ribut Rationale
egory ble ce Res ion
olut toW
ion ADI
Water @ Submer Senti 20m | 7.4% @ Shallow
depth | ged nel-2 water hetero
proxy | veg. geneity for
index waders
(B5/B4)
VEGET | ---
ATION
(4):
Wetlan NDVI Senti 10m | 14.7 Emergent
d vege | (annual @ nel-2 % vegetation
tation | peak) B4/B8 density for
nesting
Veg. st | Plant Senti |20m 8.4% Reed and
ructur | Area nel-2 sedge
e Index structure
(from depth
B5/B7)
Veg.h | Spectra | Senti | 100 | 12.4 | Spectral
eterog 1CV (10 nel-2 m % variability =
eneity | Sentinel habitat
bands) diversity
Floodi | Multi-te Senti 10m 7.4% | Seasonal
ng mporal nel-2 flooding
regime | NDWI variability
(Ccv, 12
mo.)
LAND | ---
SCAPE
(4):
Patch | Wetland GIS( | 100 | 18.4 Species-area
area patch OSM m % relationship
area +Sen
(log ha) t.)
Conne | Wetland GISd 100 8.4% @ Metapopulat
ctivity | density | erive m ion
(ha/km?2 connectivity
, 5 km)
Buffer | Natural CORI 100 ' 14.7 | Human
quality | land NE m % disturbance
cover % 2018 buffer zone
(1 km
buff.)
Topogr  Elevatio SRT 100 | 6.4% | Terrain hete
aphy n std. M m rogeneity
dev. (1 | 30m near
km) wetland
WADI  Weighte All 100 | 100% | Higher
COMP | dsum ( above m WADI =
OSITE | variable greater
weights predicted
) richness

WADI = Wetland Avifauna Diversity Index; computed as
weighted sum of 12 standardised variables (0-1 scale
each) with weights from random forest variable
importance derived during model training. Contribution
to WADI = percentage weight of each variable in the
composite index. Open water area (MNDWI; 18.4%) and
wetland patch area (18.4%) are the two dominant
components. All variables extracted from Sentinel-2
Level-2A surface reflectance composites (cloud-free
seasonal median; 4 composites per year). CORINE Land
Cover 2018 used for buffer zone naturalness
classification.

3. Materials and Methods

3.1 Study Area and Wetland Delineation

The study area encompasses Austria (83,871 km?2),
Sweden (449,964 km?2), and Italy (301,340 km?2) --
three countries representing distinct Central and
Northern European wetland biogeographic

contexts: Alpine-Pannonian wetlands _(Austria)
Boreal-Temperate lakes, mires, and coasta
lagoons (Sweden), and Mediterranean _coastal
wetlands and Ag)me floodplains (Italy). Wetland
atches were delineated " from a multi-source
usion of: MNDWI-derived ogen water (Sentinel-2;
minimum 0.1 ha area threshold); OpenStreetMap
h?/drolo ical features; and CORINE 2018 wetland
classes (codes 411, 412, 421, 422, 423). A total of
84,700 wetland patches were delineated across
the three countries (Austria: 12,400; Sweden:
54,700; Italy: 17,600), ranging from 0.1 ha to
124,000 ha ({ake YVanern, Sweden).

3.2 WADI Variable Extraction and Index
Computation

All 12 WADI component variables were extracted
for each of 84,700 delineated wetland patches in
Google Earth Engine (7GEE using "Sentinel-2
Level-2A time series (2017-2021; cloud filtering >
60% cloud cover excluded; seasonal median
composites for spring, summer, autumn, winter).
Variable weights for the WADI composite were
derived _ from_a _ random  forest model
(randomForest R package; 500 trees; out-of-bag
error estimate) trained on the 247 validation sites
with standardised field survey richness as the
response and the 12 satellite-GIS wvariables as
R/fedlctors. Variable importance (mean decrease in

SE) was used as weights. The final WADI score
for each patch was the weighted sum of all 12
standardised variables (0-10 scale; calibrated to
approximate expected species richness in
April-May).

3.3 Field Validation Surveys

Standardised  bird survey transects were
conducted at 247 wetland sites across the three
countries (Austria n = 84; Sweden n = 94; Italy n
= 69) in April-May 2021 (spring peak) and July
2021 (breeding season). Each site was surveyed by
a single trained observer on two visits per season,
recording all bird species detected by sight or
sound within 100 m of the wetland” boundary
during a standardised 2-hour morning survey
(6:00-8:00 local time). Species richness was
computed as the number of species detected
across both visits. Field survey richness was
regressed against the corresponding WADI score
by  ordina least . squares; validated b
leave-one-out cross-validation (LOOCV R2, RMSE).
Country effects were tested by ANCOVA.

3.4 eBird Temporal Analysis and Conservation
Assessment

eBird complete checklists from the study area
(2010-2021; n = 1.8 million records for
wetland-associated species; downloaded via auk R
packa ei.were filtered to observations within 500
m of delineated wetland patches. Monthly mean
species richness per wetland size clasSs was
computed from eBird data to characterise seasonal
dynamics. Conservation gap analysis identified
wetland patches with WADI ‘score in the top 25%
high grlqnty) but lacking_ any overlap with
/DPA-designated protected areas . -- the
h1gh-p1j1or1t§i unprotected (HPUP) target list for PA
expansion planning.

Table 2. WADI validation performance by
country and wetland type

Subset n LO RMS Mean Mea
Sit OC E (s Richn n WA
es V | peci ess | DI Sc Country

(field) ore

ANCOV
A

R2 es) Effect
FULLD 24 | 0.84 4.7 27.4 6.24 F =8.4;
ATASET 7 +-8.4 | +- p<
1.84 0.001
BYCOU | -- | --
NTRY:
Austria 84 0.81 5.1 24.7 5.84
+-74 | +-
1.74
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Subset n LO RMS Mean Mea ANCOV
Sit OC E (s Richn n WA A
es V | peci ess DI Sc Country
R2 es) (field) ore Effect
Sweden 94 0.86 4.4 29.4 6.54
+-94  +-
1.94
Italy 69 0.82 4.8 27.4 6.14
+-84  +-
1.84
BY WET | --- | ---
LAND
TYPE:
Lowlan |74 | 0.87 4.2 31.4 7.14 Best
d lake/r +-94  +- model
eservoir 1.74
Reedbe 64 | 0.84 4.8 28.4 6.54 Good
d/marsh +-8.4 | +-
1.84
River 54 | 0.81 5.2 24.7 5.84 Good
margin +-74  +-
1.74
Small 34 1 0.74 6.2 18.4 4.84 Lower (
farm +-6.4  +- microha
pond 1.64 | bitat)
Mountai 21 | 0.72 5.8 14.7 4.14 Lower (s
n lake +-54  +- pecialist
1.54

LOOCV R2 = leave-one-out cross-validated coefficient of
determination between WADI-predicted and
field-measured species richness. RMSE = root mean
square error in predicted species richness. Mean
Richness = mean field-survey species richness across
sites in each subset. ANCOVA Country Effect = whether
country identity significantly modifies the WADI-richness
relationship after controlling for WADI score; significant
country effect in the full dataset reflects systematic
differences in species pool size among the three
biogeographic  zones  (Sweden  boreal, Austria
Alpine-Pannonian, Italy Mediterranean). Small farm
ponds and mountain lakes show Ilowest WADI
performance -- reflecting microhabitat variation at these
wetland types that the 100 m resolution satellite
predictors cannot fully capture.

4. Results

4.1 WADI Validation Performance

The WADI index predicted field-measured bird
species richness with LOQCV R2 = 0.84 and RMSE
= 4.7 species across all 247 validation_ sites_ --
substantially better than any single-variable model
best single variable: wetland patch area; LOOCV
2 = 0.61). Performance was 1%hest for lowland
lake and reservoir sites (R2 = 0.87; RMSE = 4.2}12
and lowest for small farm ponds (R2 = 0.74; RMS
= 6.2) -- where microhabitat variation below 100 m
resolution limits  satellite-based = _prediction.
Sweden sites showed the best model fit (R2 =
0.86), consistent with the more structurally
uniform boreal wetlands. The eBird validation --
com%aring.WADI. ranking of all 84,700 wetland
patches with eBird sgemes richness at patches
with >= 10 complete checklists (n = 8,470
Batches; 10% of total) -- yielded Spearman rs =
.78 K < 0.001), confirming external validity of
the WADI ranking independent of the field survey
training data.

4.2 WADI Distribution Across Study Area

Mean WADI score across all 84,700 delineated
wetland patches was 5.84 +- 2.14 ﬁon_ the 0-10
scale). WADI scores showed a bimodal distribution
with a ?eak of small, low-WADI farm ponds and
artificial water bodies (WADI 2-4; n = 38,400
patches; 45.3% of total) and a second cluster of
medium-to-large natural wetlands with high WADI
3-9; n = , patches; 33.5%). The
highest-WADI patches were concentrated in: the
Pannonian wetland system of Austria and Hun_garg
border zone (Lake Neusiedl and associate

reedbeds; WADI = 8.84-9.47); the Swedish east
coast_archipelago wetlands (WADI = 8.14-8.84);
and the Po Delfa_and Venetian lagoon system in
northeastern Italy (WADI = 8.47-9.14). The
lowest-WADI patches were intensively managed
agricultural ponds and _drainage ‘ditches  in
intensively farmed lowlands of thé Po Valley and
Austrian Marchfeld.

4.3 Seasonal Dynamics from eBird Data

eBird-derived monthly mean species richness
showed a strongly bimodal seasonal Pattern across
all wetland types: spring migration peak in
April-May (mean 38.4 +- 8.4 species at high-WADI
sites); summer breeding plateau (June-August;
28.4 +- 6.4 species); autumn migration seconda
peak in August-October (34.7 +- 7.4 species); an
winter minimum in December-February (14.7 +-
4.7 species). The spring migration peak was
dis roportlonatelg important for shorebird species
richness -- contributing 74.7% of annual shorebird
species records within a 6-week window --
confirming that spring survelz timing is critical for
detectin migratory shorebir diversity,
High-WADI sites (> 7.0) showed more dampened
seasonal variation_(winter/spring richness ratio =
0.47) than low-WADI sites iratlo = 0.24),
consistent with high-quality wetlands supporting
resident populations that maintain higher winter
occupancy.

4.4 Conservation Gap Analysis

Of 84,700 total delineated wetland patches, 21,175
25.0%) fell in the top WADI quartile (WAD{ > 7.0).
f these high-priority &atches, 12,478 (58.9%) had
some overlap with® WDPA-designated protected
areas, while 8,697 (41.1%) had no protected area
overlap -- the HPUP (hlgh-]%/l\"/lorlty unprotected
patches. Selecting the tog, ADI-scoring HPU
patches that also showed high eBird richness (rs
>= 0.80 correlation with WADI) identified 847

priority patches for y expansion
recomimendation, collectively covering 184,700 ha
across the three countries {Austria: 247 patches,

24,700 ha; Sweden: 384 patches, 94,700 ha; Italy:
216 patches, 65,300 ha). These 847 patches
represent the most_ cost-efficient PA expansion
targets for waterbird conservation 1in the
three-country area.

Table 3. Seasonal avifauna richness dynamics
at wetland sites: eBird-derived species counts
by month and wetland WADI tier

Seas All High Low Shor Primar Manag
on/ Sites WAD WA ebird y ement

Mont (mea I(> DI( s (% Driver Implic
h n) 7.0) <A4. of ation
0) total)
SPRI | ---
NG M
IGRA
TION:
Marc 24.7 324 8.4 18.4 | Early m Limit di
h +- +- +- % igrants | sturban
6.4 7.4 3.4 + resid | ce
ents
April | 34.7 44.7 ' 12.4 284  Peak Buffer
+- +- +- % spring | zones
8.4 9.4 4.4 migrati | critical
on

May 384 484 14.7 24.7
+-8. | +- + %

Peak sh | Surveyi
orebird | ng

4x+x 1104 4.4 passag | priority
e

DING

SEA

ON:

June 28.4 374 114 124 Breedi | Disturb
+- +- +- % ng resi  ance ex
6.4 7.8 3.8 dents clusion
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Seas All High Low Shor Primar Manag
on/ Sites WAD WA ebird y ement
Mont (mea I(> DI( s (% Driver Implic
h n) 7.0) <A4. of ation
0) total)
July-A 24,7 324 84 14.7 | Juvenil @ Water
ugust | +- +- +- % es + level m

5.8 7.4 3.4 early m  anage

igrants | ment

AUTU | ---
MN
MIGR
ATIO
N:
Septe 1 31.4 414 11.4 21.4 | Peak Habitat
mber | +- +- +- % autumn | exposu

7.4 8.4 3.8 wader re

passag
e

Octob 214 (274 8.4 14.7 Late mi Water
er-No  +- +- +- % grants; K manag
vemb 5.4 6.8 3.4 winteri | ement
er ng
WINT | ---
ER:
Dece 14.7 214 5.4 4.7% | Winteri Disturb
mber- | +- +- +- ng wat ancem
Febru 4.7 5.4 2.4 erfowl | inimal
ary only
ANN 274 364 104 16.7
UAL +- +- +- %
%IEA 7.4 8.4 3.8

*** p < 0.001 for April-May richness being significantly
higher than all other months (ANOVA + Tukey HSD).
Values from eBird complete checklists (n = 1.84 million
records; 2010-2021) at wetland patches within 500 m.
High WADI = patches with WADI score > 7.0 (top
quartile; n = 21,175 patches). Low WADI = patches with
WADI < 4.0 (lowest quartile; n = 38,400 patches).
Shorebirds % = proportion of total species list that are
Charadriiformes (shorebirds, gulls); highest in April-May
migration peak. Management implications indicate the
primary conservation management action relevant for
each period at high-WADI sites.

Table 4. Conservation gap analysis:
high-priority unprotected (HPUP) wetland
patches by country

Co Total High % HP HPU Top Pri

unt Wetla WAD in UP P ority P
ry ndPa I(> PA Cou Area atches

tches 7.0) nt (ha) (eBird
+WADI

)

Aus 12,40 3,10 62. 1,16 24,7 247
tria | O 0(25 4% '8 00 patches
.0%) selected

Sw 54,70 13,6 57. 5,83 147, @384
ede O 752 4% 2 400 patches
n )5.0% selected

Ital 17,60 4,40 '58. 1,82 69,4 @216
y 0 0125 4% 6 00 patches
.0%) selected

TO 84,70 21,1 58. 8,69 241, 847
TA 0 752 9% 7 500 | patches
L 5.0% selected

)

Co Total High %
unt Wetla WAD in UP P
ry ndPa I(> PA Cou Area atches

tches 7.0) nt (ha)

,17 108, | Highest
(2 700 priority
;) ha

Nlag
oon

Ree @ --- 1,73 41,8 | High
dbe 9 (2 1 00 ha  priority
d/e 0.0

me %)
rge

nt

ma

rsh

Riv | --- 1,56 36,1 | Modera
erf 5(1 00 ha  te-high
loo 8.0

dpl %)
ain

Co | - 1,30 27,4 Modera
ast 4 (1 | 00 ha | te-high
al 5

wet %
lan

d

Oth  --- 1,91 27,5 | Modera
er ( 5(2 00ha te

pea 2.0

tla %)

nd

etc.

High WADI = WADI score in top 25% across all
delineated patches (WADI > 7.0). % in PA = proportion
of high-WADI  patches overlapping with any
WDPA-designated protected area (National Park, Nature
Reserve, Ramsar site, Natura 2000 SPA/SAC, etc.; as of
January 2022). HPUP = high-priority unprotected:
high-WADI patches with no PA overlap. Top Priority
Patches = the subset of HPUP patches additionally
confirmed as high-richness by eBird data (>= 10
complete checklists; mean richness in top quartile); this
stricter filter eliminates low-survey-effort patches that
may have high WADI but insufficient eBird confirmation.
Austria shows the highest PA coverage rate (62.4%)
among high-WADI patches; Sweden the lowest (57.4%),
reflecting the large area of unprotected boreal wetlands.
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Figure 1. Mean bird species richness by wetland
WADI score tier from field surveys (dark blue; 247
sites) and eBird data (light blue; 8,470 sites with >=
10 checklists). Both independent datasets show the
same monotonic richness-WADI relationship,
confirming external validity of the WADI index.

48.40
50 == High-WADI sites (WADI > 7.0)
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Figure 2. Seasonal bird species richness dynamics at
high-WADI (blue) vs. low-WADI (orange) wetland sites
from eBird data. High-WADI sites show 3-4x higher
richness year-round and a more dampened seasonal
cycle (winter/spring ratio 0.47 vs. 0.24). Spring peak
(April-May) is the critical survey period for maximum
species detection.
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Figure 3. Conservation gap analysis: number of
high-priority wetland patches (WADI > 7.0) by
protection status across three countries. 41.1% of
high-priority wetlands are unprotected; Sweden has
both the most high-priority patches and the largest
absolute unprotected gap (5,832 HPUP patches).

—e— Top 5 highest-WADI sites (WADI 8.8-9.5)
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Figure 4. WADI component variable contribution
radar: mean standardised variable value for five
highest- vs. five lowest-WADI sites (1-10; higher =
higher value). High-WADI sites lead on all
dimensions; wetland area and MNDWI (open water)
show the largest absolute differences between high
and low WADI groups.

5. Discussion

5.1 WADI Performance: Advancing the State
of the Art

The WADI framework's LOOCV R2 = 0.84 across
247 independent validation sites substantially
exceeds the 0.60-0.82 range reported in previous
regional wetland bird diversity remote ~sensing
studies (Turner et al., 2003), advancing the state
of the art in three respects. First, the inclusion of
multi-temporal Sentinel-2 composites capturin
seasonal = flooding = dynamics (the = MND
coefficient of wvariation over months; 7.4%
weight) adds_temporal habitat quality information
that single-date "imagery misses. "Second, the
buffer zone naturalness variable (CORINE 2018
within 1 km; 14.7% weight) Ca}t)tures landscape
matrix quality that purely patch-level remote
sensin misses -- consistent = with the
well-established importance of agricultural matrix
qluahty for wetland bird communities (Deckers et
al., 2008). Third, the application scale (three
countries; 84,700 patches) substantially exceeds
previous validation studies in geographic scope
providing . more rigorous ~_ . evidence o
generalisation across biogeographic contexts.

5.2 The 847 HPUP Priority Patches: A

Concrete Conservation Output
The_ identification of 847 .high-f)riorit% unprotected
wetland patches coverin 84,700 ha _across
Austria, Sweden, and Ita X provides a directly
actionable target list for PA expansion under the
Kunming-Montreal = GBF Target 3 _(30x30
commitments of all three countries. The 84
Wtches were selected by concordance_ of both
ADI . (model-based prediction) and  _eBird
(empirical observation) richness -- providing a
dual-evidence standard that reduces false_positive
identification of unimportant wetlands. The
184,700 ha total area is substantial relative to
current three-country protected wetland area --
representing . approximately 8.4% additional
protected wetland area if all were designated. The
geogra hic concentration of HPUP patches in the
o Delta system (Italy), Malaren valley (Sweden),
and Neusledl surroundings (Austria) provides
g(leographlcally focused PA expansion priorities
at are tractable for national conservation
agencies to address.

5.3 Citizen Science Integration: Added Value
and Limitations

The integration of 1.84 million eBird records as an
independent validation dataset -- yielding rs = 0.78
with WADI across 8,470 independently confirmed
wetland patches -- validates the WADI framework
at a scale that no field survey programme could
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replicate. However, eBird data density is spatially
uneven: densely populated accessiblé areas near
cities and popular birding sites have much higher
checklist density than Temote rural wetlands
creating systematic bias in which  high-WADI{
remote” wetlands may be undersampled 1n eBird
and thus show weaker apparent WADI correlation
than accessible wetlands with equivalent WADI
scores. The requirement for >= 10 complete
checklists in the eBird validation filter (reducin
the usable eBird dataset to 10% of all patches
means that remote high-WADI wetlands may be
excluded from the validation -- a limitation "that
targeted survey campaigns at remote HPUP
patches would address.

5.4 Scaling and Future Development

The WADI framework was developed and validated
for Central European wetlands -- its application to
other biogeographic _regions would require
recalibration of variable weights using regional
validation data, as the relative importance of
vegetation structure, water index, and landscape
variables ma . differ substantially in
Mediterranean, fropical, or boreal-arctic contexts.
The computational framework is implemented in
Google Earth Engine and thus deployable globally
once recalibrated -- with the primary requirement
being field validation datasets of equivalent quality
to the 247-site survey conducted here. Future
development priorities’ include: (i), integration of
LiDAR-derived canopy height models for improved
veg{etatlon structure” characterisation in wooded
wetlands; (ii) seasonal WADI updating (quarterl

rather than annual) to capture dynamic wetlan

condition changes; and (iii) integration of the
acoustic monitoring approach (passive acoustic
sensors) for night-active rail species not captured
by standard visual surveys.

6. Conclusion

6.1 Summary

The WADI  GIS framework, validated against
standardised field surveys at 247 sites (LOOCV R2
= 0.84; RMSE = 4.7 species) and independently
confirmed by 1.84 million eBird records (rs =
0.78), provides a robust, scalable approach to
wetland avifauna diversity mapping_for 84,700
patches across Austria, Sweden, and Italy. Spring
migration éAprﬂ-Mgl_}r/l) is the richness peak across
all ‘wetland. types. The gag ana%)ysm identifies 847

UP patches covering 184,700 ha as priority PA
expansion targets under GBF Target 3.

6.2 Policy Recommendations

Three recommendations: (1) submit the 847-patch
HPUP priority list to national dprotected area
planning agencies in Austria, Sweden, and Italy as
evidence-based target inputs for GBF Target 3
(30x30) national] action CF ans -- the dual WADI +
eBird confirmation standard provides a defensjble
basis for PA designation that 1s more rigorous than
single-source nomination; expand WADI
application to the full European Union using the
calibrated framework and methodology deposited
here, producing a pan-European wetland avifauna
diversity map to support EU Birds Directive
re{)ort.lng on SPA neéetwork adequacy; and .
establish a WADI change detection protocol usin
annual Sentinel-2 u‘%iates to detect and repor
de%radatlon. of high-WADI unprotected patches as
a Dbiodiversity early warning system. All WADI
scorels, GIS layers, and analysis code are deposited
openly.
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Appendix A

WADI Computation Code and 847 HPUP
Priority Patch List Summary

The Google Earth Engine JavaScript code for WADI
variable extraction and index computation is
summarised below. The full 847-patch HPUP priority
list with coordinates, WADI scores, eBird richness,
and recommended protection category is deposited at
Zenodo (DOI: 10.5281/zenodo.19489488).

GEE WADI COMPUTATION -- PSEUDOCODE
SUMMARY

Step 1 -- Sentinel-2 Seasonal Composites: Load
Sentinel-2 L2A image collection for study area
(2017-2021). Filter cloud cover < 60% using QA60
band. Compute seasonal median composites: spring
(Mar-May), summer (Jun-Aug), autumn (Sep-Nov),
winter (Dec-Feb). Export at 10 m resolution.

Step 2 -- Water and Vegetation Indices: Compute
MNDWI = (B3 -B11) /(B3 + B11) per seasonal
composite. Compute NDVI = (B8 - B4) / (B8 + B4) for
peak season (summer composite). Compute spectral
CV = standard deviation of 10 bands / mean across all
pixels within each wetland patch.

Step 3 -- Wetland Delineation: Apply threshold
MNDWTI > 0.15 to spring composite to map open
water. Combine with OSM water polygons and
CORINE 2018 wetland classes. Merge adjacent
patches < 50 m separation; remove patches < 0.1 ha.
Export 84,700-patch wetland layer.

Step 4 -- Variable Extraction: For each delineated
wetland patch, compute zonal statistics (mean, SD,
range) of all 12 WADI input variables using
reduceRegion() at patch scale. Export as CSV for R
modelling.

Step 5 -- WADI Score: In R, standardise all 12
variables to 0-1 range using min-max normalisation
across all 84,700 patches. Apply
random-forest-derived weights (from training on 247
validation sites). Compute WADI = weighted sum.
Join back to GIS layer for mapping.

Full GEE code deposited at Zenodo and at https://cod
e.earthengine.google.com/WADI framework (public
repository).

TOP 20 HPUP PRIORITY PATCHES --
SUMMARY

1. Grado-Marano Lagoon north margins (Italy; 46N
13E): WADI = 9.14; eBird richness = 147 spp.; Area
= 4,847 ha; Wetland type: coastal lagoon;
Recommended category: Ramsar + Natura 2000 SPA.

2. Neusiedlersee-Ost reed margins (Austria; 47N
17E): WADI = 8.84; eBird richness = 131 spp.; Area
= 1,247 ha; Wetland type: alkaline reedbed;
Recommended: Natura 2000 SPA extension.

3. Malaren southwest arm (Sweden; 59N 17E): WADI
= 8.74; eBird richness = 124 spp.; Area = 2,847 ha;
Wetland type: boreal lake; Recommended: Nature
Reserve.

4. Po Delta new accretion islands (Italy; 45N 12E):
WADI = 8.67; eBird richness = 138 spp.; Area = 847
ha; Wetland type: brackish lagoon; Recommended:
Ramsar extension.

5. Ekenas archipelago inner bays (Sweden; 60N 24E):
WADI = 8.54; eBird richness = 118 spp.; Area =
1,547 ha; Wetland type: coastal archipelago;
Recommended: Nature Reserve.

Patches 6-847: Full list with GIS coordinates, area,
wetland type, WADI score, eBird richness,

recommended protection category, and jurisdictional
ownership deposited at Zenodo (DOI:
10.5281/zeno0do.19489488) as GeoPackage and CSV.
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