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Abstract 

Marine turtles undertake basin-scale migrations that create seasonally predictable “blue corridors,” 
where exposure to pelagic and semi-pelagic gillnet fisheries can be acute. We analysed 2012–2019 
crew-based observer records from Pakistan’s Exclusive Economic Zone (EEZ) to delineate seasonal 
corridors and assess coherence with existing area-based measures. After QA/QC, the dataset 
comprised 390 turtle–gillnet interaction events (total turtle weight, TTW = 5,791 kg): Released Alive 
95.4% by count (97.6% by TTW), Released Dead 3.6% (2.4%), and Sightings 1.0%. Biomass peaked in 
October–December (40.1% of period TTW) and was concentrated in the Nesting season (September–
February: 67.3% of TTW). We generated TTW-weighted kernel density estimates (KDEs) for Early, 
Peak, and Late phases and aggregated observations to an H3 hexagonal grid (resolution 7) to stabilise 
spatial signal. Peak KDEs were most compact (95% area ≈ 2.0×10³ km²), indicating tightened shelf-
parallel movement along the Karachi–Churna/Indus margin; Early was broader (95% ≈ 1.09×10⁴ km²), 
and Late intermediate (95% ≈ 3.35×10³ km²). Geodesic connections between top-5 seasonal hotspots 
per side yielded 25 candidates (0–350 km; median 137 km), with selected least-risk links consistently 
short (≈40–60 km) and recurrent, that are overwhelmingly IMMA-contained while largely outside 
nearshore MPAs (Churna, Astola). Overlap diagnostics showed ≈80% of TTW and corridor length inside 
the IMMA, but ≈0–2% within nearshore MPAs. Centroid-shift bearings revealed a consistent 
WNW→SE seasonal axis, with shorter Early→Peak and longer Peak→Late displacements. Sensitivity 
analyses (grid resolution, bandwidth, hotspot number, coastline masking, cost objective) did not alter 
top-rank corridor identity. Evidence supports targeted management during October–April in the 
delineated blue-corridor areas—shelf-parallel lanes off the Karachi–Indus margin (off Karachi–Churna) 
and western Balochistan—where an interaction-triggered ≥ 25 nm move-on rule, complemented by 
time–area advisories and soak-time caps, is expected to reduce turtle-encounter risk. 
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Introduction 

Marine turtles exhibit ontogenetically structured life cycles spanning neritic and oceanic phases, natal 

homing to rookeries, and basin-scale migrations that connect foraging and reproductive habitats 

(Bolten, 2003; Godley et al., 2008; Luschi et al., 2003; Meylan et al., 1990). These movements 

concentrate individuals along predictable pathways “blue corridors” that sustain ecological 

connectivity but elevate exposure to anthropogenic risks, notably gillnet bycatch, vessel strikes, and 

coastal light pollution near nesting beaches (Godley et al., 2008; Hazel et al., 2007; Iverson et al., 2020; 

Kamrowski et al., 2013; Lohmann et al., 2009; Peckham et al., 2007; Wallace et al., 2010; WWF, 2025). 

In the Northern Indian Ocean (NIO), monsoon dynamics shape primary productivity and fishing 

behaviour, creating seasonal windows in which turtle movements overlap strongly with pelagic and 

semi-pelagic gillnet fleets (Madhupratap, 1996; Qasim, 1977).  

Across much of the NIO, bycatch in set and drifting gillnets is the predominant fishery interaction for 

turtles. Capture probability is modulated by gear configuration (e.g., mesh size, drop, net length), soak 

duration, and vertical/thermal habitat use of target and non-target species (Gilman, 2011; Lewison et 

al., 2014; Wallace et al., 2010). These acute pressures overlay chronic threats (coastal habitat loss, 

nesting-beach erosion, climate-driven sex-ratio skew), making spatio-temporal overlap with fisheries 

the most tractable lever for near-term mortality reduction (Fuentes et al., 2010; Mazaris et al., 2017; 

Rees et al., 2016). Accordingly, conservation practice is shifting from static, coastline-bound measures 

toward corridor-aware, dynamic mitigation that reduces contact rates at the scales turtles actually use 

(Dunn et al., 2016; Hobday et al., 2011; Maxwell et al., 2015).  

Regional governance provides the enabling context. Nationally designated marine protected areas 

(MPAs) and the Convention on Migratory Species—IOSEA Marine Turtle MoU (CMS-IOSEA) are 

complemented by habitat-oriented frameworks such as IUCN-facilitated Important Marine Mammal 

Areas (IMMAs) and the emerging Important Marine Turtle Areas (IMTAs) (Hossain et al., 2022; IUCN 

Joint SSC/WCPA Marine Mammal Protected Areas Task Force., 2024; Notarbartolo di Sciara et al., 2016, 

WWF, 2025). However, many MPAs are coastal and static, whereas turtle–fishery overlap is seasonal 

and mobile. To bridge this mismatch, operational tools such as dynamic hotspot advisories, encounter-

triggered “move-on” rules, gear modifications, and effort re-timing are increasingly advocated within 

a blue-corridor bycatch-mitigation paradigm; in the Indian Ocean, this aligns with IOTC guidance (e.g., 

Resolution 12/04 on marine turtle conservation) (Dunn et al., 2016; Gilman, 2011; IOTC, 2012; Lewison 

et al., 2015).  

Pakistan’s Exclusive Economic Zone (EEZ) encompasses a productive continental shelf and upper slope 

influenced by monsoon-driven upwelling and Indus-derived inputs (Naqvi et al., 2006; Qasim, 1977). 

Gillnet fleets operate across shelf and oceanic waters for most of the year, aside from a seasonal 

monsoon closure declared by provincial authorities (Fishing Rules and Regulations, 2025). Nearshore 

island MPAs, including Astola (notified 2017) and Churna (approved 2024), primarily protect coastal 

biodiversity and nesting habitat (Government of Balochistan, 2017; Government of Balochistan, 2024; 

(IUCN, 2017, 2024).  These designations post-date the study window (2012–2019) and are used here 

as policy context for overlay and interpretation rather than contemporaneous management inputs. 

The substantial gillnet effort occurs offshore, nearshore designations alone may not intercept peak 

turtle–fishery overlap, underscoring the need to delineate offshore movement corridors and quantify 

their intersection with existing or candidate management zones (e.g., IMMAs) (Dunn et al., 2016b; 

Hays et al., 2016a; Wallace et al., 2010b). 



In a data-limited setting, fishery-dependent observations can serve as pragmatic proxies for spatio-

temporal turtle presence when curated with appropriate Quality Assurance (QA) or Quality 

Control/(QC) and geospatial methods. The crew-based observer programme was established in 

Pakistan in 2012 for the data collection and reporting from the fishing operations, the safe releases of 

the megafauna species, including marine turtles (Abdul Razzaque et al., 2020; Abdul Razzaque, Shahid, 

Johnson, et al., 2024; Abdul Razzaque, Shahid, Sfeir, et al., 2024). This data provides such an empirical 

basis. Here, we analyse interaction records contributed by four crew observers spanning 2012–2019 

to resolve the structure, seasonality, and persistence of turtle blue corridors within the EEZ. 

This study aims to delineate seasonal and multi-season/ window marine turtle “blue corridors” within 

Pakistan’s EEZ (2012–2019) using crew-based, fishery-dependent data and to assess coherence with 

Indus Estuary and Creeks – IMMA (here and onwards considered as IMMA) and nearshore MPAs, 

thereby supporting corridor-aware bycatch mitigation aligned with CMS-IOSEA commitments and 

IOTC/WPEB guidance. 

Anticipated patterns based on preliminary exploration, we expect that: (1) shelf-parallel, seasonally 

shifting corridor bundles west and southeast of Karachi account for a substantial fraction of observed 

interactions; (2) these corridors lie predominantly within IMMA boundaries but largely outside 

nearshore MPA cores/buffers; and (3) a subset of multi-season corridors exhibits sufficient persistence 

to merit pilot dynamic management (e.g., encounter-triggered move-on, targeted observer coverage) 

during high-risk months. 

Materials and Methods  

Study area 

Analyses were conducted within Pakistan’s Exclusive Economic Zone (EEZ) in the northern Arabian Sea, 

spanning the Indus delta shelf to the upper continental slope and towards western Karachi to Astola 

Isalnd. Monsoon-driven upwelling and thermohaline structure shape seasonal productivity and 

movement corridors relevant to marine turtles and gillnet operations (Naqvi et al., 2006b; Qasim, 

1977b).  

Fisheries context and observer programme 

Data derived from fishery-dependent, crew-based observer/self-sampling on tuna gillnet vessels 

operating across shelf and upper-slope waters. Four vessels contributed interaction records from 2012 

to 2019 for marine turtles and fate status under the WWF-Pakistan crew-based observer program. 

(Abdul Razzaque et al., 2020). Ethical safeguards included anonymization of vessel identifiers and 

onboard recording  

Data fields and derived variables 

Each record included date–time (UTC+05:00), position (longitude, latitude; WGS-84), interaction 

status, and turtle biometrics, including number of turtle individuals (TTN), total turtle weight (TTW, 

kg). Curved carapace length (CCL, cm) was available for a subset. Derived fields were: (i) 

season/window (Fishing: August–May; Nesting: September–February) and phase (Early/Peak/Late) 

bins; (ii) H3 hex IDs (resolution 7); and (iii) KDE weights (TTW). 



Data curation and Quality Assurance (QA)/ Quality Control (QC) 

Range checks enforced valid coordinates within the EEZ; temporal validity was 2012–2019. Exact 

duplicates (identical date–time–position–TTW) were removed. Implausible TTW outliers were 

trimmed using species-agnostic 1st–99th percentile limits. Spatial processing used EPSG:4326 with 

geometry validation. For KDE outputs, a nested-isopleth QA was enforced (area95% ≥ area75% ≥ 

area50%); any violation triggered relabelling/regeneration before overlays. 

Seasonal and phase stratification 

Two operationally and biologically meaningful windows were used: a broad Fishing window (August–

May) encompassing all observed months, and a Nesting sub-window (September–February). Because 

these windows overlap (Nesting ⊂ Fishing), window totals are reported independently and are not 

intended to sum to the period total. Within each window, records were split into Early, Peak, and Late 

phases using equal-count tertiles to support centroid-shift diagnostics with the focus on the fishing 

window. 

Spatial frameworks and governance layers 

Observations were aggregated to the H3 hierarchical hexagonal grid at resolution 7 (average edge ≈ 

1.22 km; mean area ≈ 5.16 km²) (Brodsky Isaac, 2018; H3 Core Team, 2023). Governance layers 

comprised IMMA and nearshore Marine Protected Areas (MPAs: Astola, Churna). All layers were 

reprojected on-the-fly to a common analysis Coordinate Reference System (CRS) (UTM zone: a 

projected CRS for 66°–72°E (meters), ideal for area calculations with low distortion (EPSG:32642) and  

42N, EPSG:32642) for topology-safe clip/union operations. Polygon areas were measured in meters in 

UTM 42N. Line lengths were calculated geodesically on the WGS-84 ellipsoid, a geographic CRS 

(lat/long, EPSG:4326) and where Geodesic lengths mean line lengths were computed on the WGS-84 

ellipsoid (great-circle), not as straight lines on a flat projection. 

Kernel density estimation (KDE) 

Seasonal TTW-weighted utilization distributions (UDs) were estimated with Gaussian kernels; 

bandwidth followed Scott’s rule with visual/diagnostic checks (Calenge, 2006; Silverman, 1986; 

WORTON, 1989). Core/intermediate/broad hotspots correspond to 50/75/95% volume contours. 

Contours were smoothed and clipped to the EEZ and to a bathymetry-based water-only mask. 

Corridor inference (seasonal) 

Candidate corridors were WGS-84 geodesic segments connecting the top-5 TTW-ranked Nesting 

hotspots to the top-5 TTW-ranked Fishing hotspots (k = 5 per side; 25 links/season). For each segment, 

distance (km) was computed and a risk weight was assigned as w = 1/(TTW_Fishing + ε). The baseline 

cost was cost = distance × w (i.e., effectively distance ÷ TTW_Fishing as ε → 0), favouring short 

connections into high-TTW Fishing nodes. Zero-distance co-locations were retained (cost = 0). 

Alternative objectives (distance ÷ TTW, distance × TTW, and a simple multi-objective composite) were 

evaluated in sensitivity analyses. 

Cumulative, direction-agnostic corridor scoring 



Geometrically identical endpoint pairs recurring across seasons/runs were merged into direction-

agnostic IDs. For corridor c, prioritisation used a single scalar: 

 

(or Score_c = (Frequency_c × 10) / (AvgWeightedCost_c + 1),)) where Frequency_c is the number of 

seasons/runs in which the same endpoint pair re-occurs, and AvgWeightedCost_c is the mean of that 

corridor’s per-run costs. Ties broke by higher Frequency_c, then by longer water-only length. 

Overlap with area-based measures 

We quantified (i) KDE polygon area and (ii) corridor line length within IMMA and nearshore MPAs 

(Astola, Churna). Metrics are km² and % (polygons) and km and % (lines). Geometry validity checks 

preceded all overlays. 

Directionality diagnostics 

For each KDE tier (50/75/95%), union-polygon centroids were computed per season (Early/Peak/Late). 

Geodesic bearings and distances were calculated for Early→Peak and Peak→Late legs using 

GeographicLib on the WGS-84 ellipsoid (Karney, 2013). Rose diagrams (16 bins) summarised bearings 

by tier and leg; counts were left unnormalised to retain sample-size information. For the directional 

statistics, the circular standard deviation is computed by measuring the angular spread (circular 

standard deviation) (e.g. turtle bearings) around the mean direction. 

Sensitivity and robustness 

Robustness was tested for H3 resolution (6–8), KDE bandwidth (0.75× and 1.25× Scott), hotspot count 

(k = 3, 5, 7), coastline/bathymetry masking (on/off), and cost objective. Corridor rankings were 

compared via set stability (Jaccard) and rank swaps; KDE area and bearings were compared against 

baseline ranges. Results guiding management recommendations were robust to these perturbations. 

Software and reproducibility 

Analyses used Python (≥3.10) with geopandas, shapely, numpy, matplotlib, and H3 bindings; geodesics 

via GeographicLib (Karney, 2013). CRS EPSG:4326 was used throughout; areas were computed in UTM 

42N where stated. Scripts and notebooks reproduce all tables and figures. 

Results 

1. Data coverage and QA/QC 

After cleaning and geolocation validation (2012–2019), the dataset comprised 390 marine turtle 

interaction records. Composition by status was dominated by Released Alive (RA) events (95.4%), with 

Released Dead (RD) accounting for 3.6% and Sightings for 1.0%. Cumulative total turtle weight (TTW) 

was 5,791 kg, with RA contributing 5,651 kg (97.6%) and RD 140 kg (2.4%); Sightings carried no 

recorded weight. The resulting RA:RD ratio equalled 26.6:1 by count and 40.4:1 by weight, indicating 

a high prevalence of live release within observed interactions (Table R 1). 



Records passed range checks for valid coordinates and dates (2012–2019), exact duplicates were 

removed (identical date–time–position–TTW), TTW outliers were trimmed using species-agnostic 1st–

99th percentile limits, and all geometries were validated before analysis. 

Table R 1: Status-wise totals from the observer dataset (2012–2019). 

Status n records Share of records (%) TTW (kg) Share of TTW (%) 

Released Alive (RA) 372 95.4 5,651 97.6 

Released Dead (RD) 14 3.6 140 2.4 

Sighting 4 1.0 0 0.0 

Total 390 100.0 5,791 100.0 

Note: RA:RD = 26.6:1 (count) and 40.4:1 (weight). 

2. Taxonomic and size composition 

Species were unidentified in most records, with limited species-level attribution available. 

Consequently, species-specific inference is tentative; size-class structure is used as the primary 

biological signal (Table R2). The dominance of “Turtle spp.” (∼95% of records; ∼97% of TTW) limits 

taxon-specific conclusions; however, both identified taxa are consistent with Pakistan’s coastal- 

offshore fauna. 

Table R2: Species composition (2012–2019). 

Taxon n records Share of records 
(%) 

TTW 
(kg) 

Share of TTW 
(%) 

Turtle spp. (unidentified species) 370 94.9 5,597 96.6 

Olive ridley (Lepidochelys 
olivacea) 

16 4.1 126 2.2 

Green turtle (Chelonia mydas) 4 1.0 68 1.2 

Total 390 100.0 5,791 100.0 

2.1. Size structure (weight-based) 

Weight-based classes (n = 379 with non-missing TTW) indicate a strong skew toward large 

juveniles/subadults (Table R3). Large juveniles/subadults contributed ~85.3% of TTW, suggesting that 

interactions predominantly involve ontogenetic stages transitioning between oceanic and neritic 

habitats. 

Table R3: Weight-based size classes (n = 379) 

Class Definition (kg) n records TTW (kg) 

Hatchling 0–<0.1 20 0 

Small juvenile 0.1–<10 58 328 

Large juvenile / Subadult 10–<50 291 4,942 

Adult ≥50 10 521 

Total — 379 5,791 

2.2. Size structure (CCL-based) 



CCL-derived classes (n = 323 with non-missing CCL) show a congruent pattern but with different 

coverage (Table R4). As with weight-based classes, large juveniles/subadults dominate the biomass 

among CCL-scored records. 

Table R4: CCL-based size classes (n = 323). 

Class Definition (CCL, cm) n records TTW (kg) 

Hatchling 0–<12 2 32 

Small juvenile 12–<45 96 1,085 

Large juvenile / Subadult 45–<75 168 3,146 

Adult ≥75 57 951 

Subtotal — 323 5,214 

3. Temporal patterns I — Interannual variation 

Interannual biomass (TTW) was strongly right-skewed toward the mid-series (2013–2015), peaking in 

2014 (1,974 kg; 34.1% of the period total), followed by 2013 (1,314 kg; 22.7%) and 2015 (1,184 kg; 

20.4%). Later years contributed progressively less (2016: 517 kg; 8.9%; 2017: 381 kg; 6.6%; 2018: 252 

kg; 4.4%; 2019: 149 kg; 2.6%), with the programme’s initial year (2012: 20 kg; 0.3%) being minimal. 

Annual event counts mirrored these biomass patterns, with a pronounced crest in 2014 and elevated 

activity in 2013–2015 (Table R5). These dynamics are congruent with effort concentrations reported 

anecdotally for the tuna gillnet fleet during those years and underpin the seasonality analyses that 

follow in Temporal patterns II — Seasonal and monthly structure. 

Table R5: Interannual totals (2012–2019): interaction records and TTW (kg), with each year’s share of the period total (%). 

Year n records TTW (kg) Share of period TTW (%) 

2012 15 20 0.3 

2013 95 1,314 22.7 

2014 131 1,974 34.1 

2015 78 1,184 20.4 

2016 24 517 8.9 

2017 16 381 6.6 

2018 18 252 4.4 

2019 13 149 2.6 

Total 390 5,791 100.0 

4. Temporal patterns II — Seasonal and monthly structure 

Seasonal stratification under overlapping windows confirms that risk concentrates within the 

biological Nesting sub-window while remaining elevated across the broader Fishing management 

window. Because Fishing (Aug–May) is a superset of observed months and Nesting (Sep–Feb) is a 

subset, window totals are not additive; they are interpreted independently (Table R6). Within Fishing, 

the dataset comprises 390 records and 5,791 kg TTW (i.e., the period totals). The Nesting sub-window 

contributes 256 records (65.6%) and 3,899 kg TTW (67.3%), demonstrating that nearly two-thirds of 

biomass occurs during Nesting months despite the overlap. Released Alive shares are high and 

comparable in both windows (Fishing 97.6%, Nesting 98.4%) with correspondingly low RD proportions. 

These window-level patterns motivate the phase-specific KDE and directionality diagnostics presented 

later, where Nesting contributes the densest cores and Fishing sustains broader exposure (Spatial 



hotspots — TTW-weighted seasonal hotspots (KDE isopleths) and Directional diagnostics — centroid 

shifts and bearings). 

Table R6: Seasonal tallies under overlapping windows; TTW = total turtle weight 

Window 
(Season) 

n 
records 

TTW 
(kg) 

RA TTW 
(kg) 

RA share of 
TTW (%) 

RD TTW 
(kg) 

RD share of 
TTW (%) 

Fishing (Aug–
May) 

390 5,791 5,651 97.6 140 2.4 

Nesting (Sep–
Feb) 

256 3,899 3,836 98.4 63 1.6 

Notes: Windows overlap; Fishing totals equal period totals. Do not sum across windows. 

Monthly aggregation (Table R7) shows a pronounced Q4 crest: October–December together account 

for 40.1% of the period's TTW (October: 12.8%, November: 13.7%, December: 13.6%). Elevated 

biomass persists from January to April (11.9% to 11.3% per month), defining a continuous high-risk 

window from October to April. Lower contributions in August–September (onset) and May (tail) 

bracket the season. Monthly events mirror these biomass peaks, reinforcing the temporal focus for 

dynamic measures. emphasising the Q4 maximum and the October–April management window 

referenced in Overlap with IMMA and nearshore MPAs and Sensitivity and robustness. 

The Nesting⊂Fishing structure (Table R6) with the seasonal overlapping windows and the Oct–Dec 

crest with sustained Jan–Apr elevation ( 

Table R7, Figure 1) support corridor-aware actions (encounter-triggered move-on, time–area 

advisories, soak-time caps) prioritised from October through April, which is consistent with the 

compact Peak KDEs and SE-oriented Peak→Late centroid shifts reported later (Spatial hotspots — 

TTW-weighted seasonal hotspots (KDE isopleths) and Directional diagnostics — centroid shifts and 

bearings)). 

Table R7: Monthly distribution of TTW (kg) and share of period total (%) 

Month TTW (kg) Share (%) 

Aug 367 6.3 

Sep 534 9.2 

Oct 743 12.8 

Nov 792 13.7 

Dec 788 13.6 

Jan 689 11.9 

Feb 353 6.1 

Mar 579 10.0 

Apr 656 11.3 

May 290 5.0 

Total 5,791 100.0 

 



 

Figure 1: a) Non-additive seasonal window totals: Fishing (Aug–May) vs. Nesting (Sep–Feb)—window-specific TTW (kg) 
and RA/RD shares (Table R6). (b) Monthly TTW (kg) for 2012–2019, highlighting the Q4 crest and the operational 
October–April window (Table R7). Note the count (n) contains those turtles which only had reported their TTW. 

5. Spatial biomass indices — H3 aggregation 

Hexagonal aggregation of TTW at H3 resolution 7 (edge ≈ 1.22 km; area ≈ 5.16 km²) produces 

seasonally coherent, shelf-associated biomass fields that are largely contained within the IMMA and 

only minimally captured by nearshore MPAs. Under the overlapping-window convention (Fishing ⊃ 

Nesting), the Fishing (Aug–May) surface exceeds Nesting (Sep–Feb) by construction; totals are not 

additive (Table R8). Highest single-cell biomass clusters along the northern shelf/upper-slope margin, 

consistent with fleet deployment and the KDE hotspots reported later (Spatial hotspots — TTW-

weighted seasonal hotspots (KDE isopleths)). Figure R2 maps the two seasonal surfaces and a same-

support difference (Fishing − Nesting), which expresses intensification in the additional months (Aug; 

Mar–May) rather than localised declines. 

Table R8: H3 (res 7) grid-level biomass by window 

Season Cells (n) Total TTW (kg) Mean (kg) Median (kg) Min (kg) Max (kg) 

Fishing (Aug–May) 308 5,756.0 18.69 15.00 0.00 90.00 

Nesting (Sep–Feb) 212 3,894.0 18.37 15.00 0.00 70.00 

Fishing − Nesting* 308 1,862.0 6.05 0.00 0.00 72.00 

*Computed on a unified H3 support to enable cell-wise comparisons between overlapping 
windows. 



 

Figure R2: H3 (resolution 7) hex-level biomass of turtle–gillnet interactions within Pakistan’s EEZ. (a) Fishing window (Aug–
May); (b) Nesting window (Sep–Feb); (c) Fishing–Nesting difference on a common H3 support. Symbol size/fill denote hex-
summed TTW (kg). Overlays: IMMA boundary (grey) and nearshore MPAs (Churna, Astola; core/buffer). Windows overlap by 
design; totals are not additive (Table R8). CRS: EPSG:4326; areas for any polygon summaries computed in UTM 42N. 

Window-specific containment within governance polygons reinforces this offshore pattern: IMMA 

shares are high (≈79–83%), whereas Churna MPA shares are ≈1–1.4%; Astola contributes negligible 

hex-level biomass in these window summaries (Table R9). These indices align with the corridor overlays 

and KDE intersections presented in Seasonal corridor set — geodesic connections (Nesting ↔ Fishing), 

Multi-season cumulative corridors and Overlap with IMMA and nearshore MPAs. 

Table R9: Biomass share within key polygons by window (TTW basis). 

Season IMMA 
share (%) 

IMMA TTW 
(kg) 

Churna 
share (%) 

Churna 
TTW (kg) 

Astola 
share (%) 

Astola 
TTW (kg) 

Fishing 
(Aug–May) 

82.6 4,754.5 1.0 57.6 ~0 ~0 

Nesting 
(Sep–Feb) 

78.3 3,049.0 1.4 54.5 ~0 ~0 

The high IMMA containment (Table R9) and shelf-parallel concentration in Figure R2 anticipate the 

compact Peak-season KDEs Spatial hotspots — TTW-weighted seasonal hotspots (KDE isopleths) and 

the short, offshore least-risk corridors Seasonal corridor set — geodesic connections (Nesting ↔ 

Fishing), Multi-season cumulative corridors. Minimal capture by nearshore MPAs foreshadows the 

overlap diagnostics in Overlap with IMMA and nearshore MPAs. 

6. Spatial hotspots — TTW-weighted seasonal hotspots (KDE isopleths) 

TTW-weighted utilisation distributions reveal compact core kernels (50%) embedded within 75% and 

95% tiers that track the productive shelf and upper slope. The footprint contracts from Early → Peak 

and re-expands into Late, with the smallest seasonal extent in Peak composition within seasons (Table 

R10 and Table R11). All seasons satisfy the nested-isopleth QA (area_{95} ≥ area_{75} ≥ area_{50}. 

Management-wise, the Peak window concentrates risk into a narrow shelf-parallel lane off Karachi–

Churna/Indus, while Early/Late require vigilance over broader shelf segments. 



Table R10: KDE isopleth areas by season and tier (km²) 

Season Tier Area (km²) 

Early 50% 3,068.805 

Early 75% 6,395.793 

Early 95% 10,896.168 

Peak 50% 497.080 

Peak 75% 1,014.374 

Peak 95% 1,957.253 

Late 50% 1,362.655 

Late 75% 2,681.393 

Late 95% 3,354.695 

The Peak 95% = ~2.0×10³ km² versus Early 95% = ~1.09×10⁴ km² quantifies the corridor tightening that 

underpins the Oct–Dec priority window identified in Temporal patterns II — Seasonal and monthly 

structure and used later for corridor-aware measures Overlap with IMMA and nearshore MPAs and 

Sensitivity and robustness. 

Table R11: KDE area composition within each season (share of season-total area, %) 

Season Season_Total_km² 95% share (%) 75% share (%) 50% share (%) 

Early 20,360.767 53.5 31.4 15.1 

Peak 3,468.707 56.4 29.2 14.3 

Late 7,398.743 45.3 36.2 18.4 

Composition shifts indicate maximum compaction in Peak (the largest 95% share), while Late shows 

relatively expanded cores (higher 50%/75% shares), consistent with a broader, yet still shelf-aligned, 

exposure field. 

7. Directional diagnostics — centroid shifts and bearings 

7.1. Directionality (centroid-shift bearings) 

Seasonal centroid displacements follow a coherent shelf-parallel axis. All Early→Peak headings are 

west-north-west (≈293–330°), while all Peak→Late headings are south-east (≈149–157°) (Error! R

eference source not found.). The 8-wind sector outcome is unequivocal: all three tier-specific bearings 

fall in NW for Early→Peak and all three fall in SE for Peak→Late, evidencing a unidirectional seasonal 

re-orientation. Pooled circular statistics show a broader WNW spread Early→Peak (mean 306.5°, 

circular SD 16.3°) and a tightly clustered SE re-orientation Peak→Late (mean 153.7°, circular SD 3.7°) 

(Table 13). This is consistent with spatial contraction of Peak-season KDE cores and consolidated 

offshore corridor bundles along the Karachi–Indus shelf. 

Table 12: Bearings by KDE tier and season leg (geodesic azimuths; degrees). 

From To Tier label KDE level Bearing (°) 

Early Peak Core 0.50 296.4 

Early Peak Intermediate 0.75 293.8 

Early Peak Broad 0.95 329.8 

Peak Late Core 0.50 157.4 

Peak Late Intermediate 0.75 154.9 



Peak Late Broad 0.95 148.7 

Note: Bearings computed between seasonal KDE union-centroid pairs per tier; headings are degrees 
clockwise from true north (WGS-84). Rounding: 1 decimal. 

Table 13: Circular statistics (pooled across tiers within each leg). 

From To Mean bearing (°) Circular SD (°) 

Early Peak 306.51 16.31 

Peak Late 153.67 3.66 

Note: Mean bearing (°) and circular SD (°); WGS-84 geodesics. Rounding: 1 decimal. 

Directional roses (counts; 16 bins) therefore express a bimodal WNW↔SE axis, with tighter clustering 
toward SE in Peak→Late. This pattern is congruent with KDE-detected tightening in Peak and with the 
short, shelf-parallel least-risk corridors identified earlier, reinforcing the interpretation of predictable 
seasonal movement along offshore shelf lanes (Figure 3). 

 

Figure 3: Directional rose diagrams (16 bins; counts unnormalised) for seasonal centroid displacements of TTW-weighted 
KDEs. Left: Early→Peak; Right: Peak→Late. Colours denote KDE tiers (50% = red; 75% = orange; 95% = purple). Headings 
cluster WNW in Early→Peak and SE in Peak→Late, consistent with pooled means of ≈306.5° and ≈153.7°, respectively (Table 
13). CRS: EPSG:4326 

7.2. Seasonal centroid displacement (distance & bearing) 

Directional diagnostics reveal a coherent shelf-parallel axis. All Early→Peak centroid shifts head west-

north-west (WNW), while all Peak→Late shifts head south-east (SE). Pooled circular statistics quantify 

this pattern: Early→Peak mean = 306.5° (cSD 16.3°) and Peak→Late mean = 153.7° (cSD 3.7°), 

indicating a tighter SE re-orientation from Peak to Late. Distances are shorter from Early→Peak (tier-

dependent; 41.6–116.4 km) and longer, tier-invariant from Peak→Late (≈126–146 km) (Table R14), 

consistent with Peak-season compaction followed by a coherent SE relocation. Centroid displacements 

show a compact Early→Peak contraction followed by a coherent SE relocation Peak→Late (Figure R4), 

consistent with bearings in Table R15 and distances in Table R14. 



Table R14: Centroid shifts by KDE tier: distances and bearings 

Tier (UD) KDE level From → To Distance (km) Bearing (°) 

Core 0.50 Early → Peak 116.43 296.4 

Core 0.50 Peak → Late 126.50 157.4 

Intermediate 0.75 Early → Peak 93.59 293.8 

Intermediate 0.75 Peak → Late 146.23 154.9 

Broad 0.95 Early → Peak 41.63 329.8 

Broad 0.95 Peak → Late 145.89 148.7 

 

Figure R4: Seasonal centroid shifts of TTW-weighted KDE utilisation distributions by tier: (a) 50% (core), (b) 75% 
(intermediate), (c) 95% (broad). Dashed arrows show Early→Peak (WNW) and Peak→Late (SE) geodesic links; labels annotate 
distances (km) and azimuths (°). Grey outlines indicate the corresponding KDE envelopes. Distances and bearings match Table 
R14 and Table R15.CRS: EPSG:4326. 

The WNW↔SE axis and the longer Peak→Late displacements (Table R14) support directional move-

on guidance along the corridor axis (≥25 nm displacement) and scheduling of time–area advisories for 

October–April, aligned with (Table R7) and corridor geometry in Seasonal corridor set — geodesic 

connections (Nesting ↔ Fishing) and Multi-season cumulative corridors. 

Table R15: Leg-wise summary (means across tiers; circular dispersion) 

From → To Mean distance (km) Min–Max (km) Mean bearing (°) Circular SD (°) 

Early → Peak 83.88 41.63–116.43 306.5 16.3 

Peak → Late 139.54 126.50–146.23 153.7 3.7 

Note: Mean bearing (°) and circular SD (°); WGS-84 geodesics. Rounding: 1 decimal. 

The WNW→SE re-orientation (Table R14) complements Peak-season compaction in Spatial hotspots 

— TTW-weighted seasonal hotspots (KDE isopleths) (Table R10) and anticipates short, shelf-parallel 

least-risk corridors in Seasonal corridor set — geodesic connections (Nesting ↔ Fishing) and Multi-

season cumulative corridors. The October–April operational window (Table R7) aligns with the 

Peak→Late SE displacement (Table R14) that sustains exposure later in the season. 

Early→Peak movements are shorter and breadth-dependent, reflecting corridor tightening into Peak, 

whereas Peak→Late movements are longer and tier-invariant, evidencing a directionally consistent SE 

relocation across the shelf. These diagnostics corroborate the KDE and corridor analyses and support 



time–area advisories during Peak and encounter-triggered move-on during Late along the offshore 

Karachi–Indus shelf lanes. 

8. Seasonal corridor set — geodesic connections (Nesting ↔ Fishing) 

Linking the top-5 TTW-ranked hotspots from Nesting to the top-5 from Fishing (k = 5 per side) yields 

k² = 25 candidate geodesic segments per season. Distances span 0.0–349.6 km (median 137.0 km; 

mean 132.3 km). Under the baseline inverse-risk objective (cost = distance ÷ TTW at the Fishing node), 

the lowest-cost solutions are (i) co-located pairs (0 km; cost = 0) and (ii) short (≈40–60 km) shelf-parallel 

links into high-TTW Fishing nodes (Table R16). Corridor candidates (Nesting ↔ Fishing). As shown in 

Figure R5, connecting the top-5 Nesting to the top-5 Fishing hotspots yields 𝑘2 = 25  geodesic 

candidates; the least-risk subset comprises short shelf-parallel links (Figure R6; Table R16 and Table 

R17). This is the denominator view, showing all candidate geodesics; it sets up the least-risk selection. 

Figure R6 Least-risk corridors (baseline objective) is the core result for short, shelf-parallel links 

selected by the inverse-bycatch objective (distance ÷ TTW at Fishing node). All selected seasonal links 

are fully contained within the IMMA (5/5) and avoid Churna/Astola MPAs (0/5), reinforcing an offshore, 

shelf-parallel corridor axis rather than island-centric pathways. The same candidate set and selected 

geometry are recovered under an alternative direct objective (distance × TTW), with only minor rank 

swaps (see Sensitivity and robustness). 

Seasonal least-risk links are short and recurrent, concentrated along the Karachi–Indus shelf and 

western Balochistan shelf, ideal for encounter-triggered move-on and time, area advisories targeted 

to the October–April window established in Temporal patterns II — Seasonal and monthly structure 

(Table R7) and spatially corroborated by KDEs (Spatial hotspots — TTW-weighted seasonal hotspots 

(KDE isopleths); Table R10) and bearings (Directional diagnostics — centroid shifts and bearings; Figure 

R4). 



 

Figure R5: Geodesic corridor candidates links (blue) connecting the top-5 Nesting hotspots to the top-5 Fishing hotspots 
within Pakistan’s EEZ (𝑘2=25 segments). Terminals are H3 hotspot centroids (TTW-weighted). Water-only clipping applied; 
CRS: EPSG:4326. Quantitative ranges in Table R16; least-risk subset in Figure R6 and Table R17. 



 

Figure R6:  Least-risk Nesting↔Fishing corridors minimising distance ÷ TTW(Fishing). Selected links are short, shelf-parallel, 
and IMMA-contained, avoiding nearshore MPA cores/buffers. CRS: EPSG:4326; see Table R17 for costs and distances. 

Table R16: Candidate set summary (Nesting → Fishing, per season; geodesic WGS-84) 

Metric Value 

Nesting hotspots (top-k) 5 

Fishing hotspots (top-k) 5 

Corridor candidates (k²) 25 

Distance range (km) 0.0–349.6 

Median distance (km) 137.0 

Mean distance (km) 132.3 

IMMA containment (selected) 5/5 

Churna / Astola intersections (selected) 0/5 



Table R17: Top-5 least-risk corridors (objective = distance ÷ TTW at Fishing node; units km·kg⁻¹) 

Rank Distance (km) Fishing-node 
TTW 

Weighted cost 
(km·kg⁻¹) 

Note 

1 0.0 high 0.0 Co-located seasonal cell 

2 ~40–60 high ≈0.8–0.9 Short link into high-TTW 
node 

3 ~40–60 high ≈0.8–0.9 Short link into high-TTW 
node 

4 ~40–60 high ≈0.8–0.9 Short link into high-TTW 
node 

5 ~40–60 high ≈0.8–0.9 Short link into high-TTW 
node 

Notes: Because cost ∝ 1/TTW(Fishing), the ranking favours short connections into high-TTW Fishing 
nodes. Zero-distance co-locations are retained (cost = 0). 

The short, shelf-parallel geometry (Table R16 and Table R17; Figure R5 and Figure R6) is consistent with 

Peak-season compaction (Table R10) and the WNW↔SE axis (Table R14; Figure R4). This geometry 

underpins the cumulative corridor ranking in Multi-season cumulative corridors and the overlap 

diagnostics in Overlap with IMMA and nearshore MPAs. 

9. Multi-season cumulative corridors 

Merging geometrically identical endpoint pairs across seasons produced a direction-agnostic corridor 

set that recurs across analyses. We prioritised candidates using a cumulative score that rewards both 

persistence and operational tractability, defined as 

𝑆𝑐𝑜𝑟𝑒𝑐 =
𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦𝑐 × 10

𝐴𝑣𝑔𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑𝐶𝑜𝑠𝑡𝑐 + 1
 

With the inverse-risk cost Weight_Cost = Distance km x Risk_Weight and Risk_Weight = 1/ max (TTW, 

TTW FLOOR) (10th percentile of positive TTW). Zero-length and co-location were excluded. Because 

corridor geometries were water-masked upstream, line metrics reflect water-only lengths. 

The resulting high-rank corridors are short and recurrent, concentrated along the offshore Karachi–

Indus shelf margin, with additional links on the western Balochistan shelf. The top-scoring link is a short 

(≈16.9 km) shelf-parallel connection recurring in ≥2 seasons (raw score 16.0). Two further recurrent 

links span ≈79.5–84.6 km (raw scores 9.4 and 8.9). Single-season links of ≈72–89 km scored ~5.0. These 

outcomes are consistent with the corridor-selection mechanism: short geodesic separations into 

higher-TTW fishing nodes yield lower average cost and thus higher cumulative scores. 

Across sensitivity variants (H3 resolution, kernel bandwidth, hotspot count 𝑘, coastline/bathymetry 

masking, and alternative objectives), the Top-5 cumulative set was unchanged or differed by ≤1 

member, with only minor rank swaps (see Sensitivity and robustness). This confirms that ranking is 

driven by stable geometry—short, shelf-parallel separations between high-TTW nodes—rather than 

parameterisation artefacts. Because high-rank corridors are short, recurrent, and offshore, they are 

well-suited to encounter-triggered move-on and weekly hotspot advisories during the October–April 

window established earlier (Temporal patterns II — Seasonal and monthly structure), complementing 



Peak-season compaction (Spatial hotspots — TTW-weighted seasonal hotspots (KDE isopleths)) and 

the WNW↔SE orientation (Directional diagnostics — centroid shifts and bearings). 

 

Figure R7:  Top multi-season corridors ranked by cumulative score , Scorec = (Frequency × 10)/ (AvgWeightedCost+1). Corridors 
are short, recurrent, and concentrated along the Karachi–Indus and western Balochistan shelves; all lie inside the IMMA and 
outside nearshore MPA cores/buffers. CRS: EPSG:4326; water-only clipping applied. Scores and attributes in Table R18. 

Table R18: Top cumulative corridors and attributes (direction-agnostic; ranked by Score). 

Rank Corridor
_Score 
(raw) 

Length
_km 

Frequency 
(seasons) 

Avg_Bycatch
_TTW 

Avg_Weigh
ted_Cost 

IMMA Churna
/Astola 

Notes 

1 16.0 16.9 ≥2 68 0.248 ✓ – Short, shelf-parallel Karachi–
Indus link 

2 9.4 79.5 ≥2 70 1.135 ✓ – Recurrent link on Karachi–Indus 
shelf 

3 8.9 84.6 ≥2 68 1.244 ✓ – Northern shelf connection 

4 5.0 89.21 1 90 0.990 ✓ – Western Balochistan shelf 
segment 

5 5.0 72.21 1 72 1.00 ✓ – Inner–mid shelf connector 

Notes: Scores are dimensionless (raw); lengths are water-only (km) computed in EPSG:32642; Frequency counts re-occurrence across 
seasons/runs. IMMA/MPA flags were not recomputed in this run; polygon-based overlaps are summarised in Overlap with IMMA and 
nearshore MPAs 



The short, recurrent geometry in Table R18 arises from the compact Peak KDEs (Table R10) and the 

WNW↔SE centroid shifts (Table R14), and anticipates the governance-overlap diagnostics presented 

next Overlap with IMMA and nearshore MPAs. 

10. Overlap with IMMA and nearshore MPAs 

Spatial intersections confirm that priority habitats and inferred corridors are overwhelmingly 

contained within the IMMA, while nearshore MPA cores/buffers (Churna, Astola) capture negligible 

area/length. TTW-weighted KDE envelopes show Peak tiers most compact yet still predominantly 

IMMA-contained, and Late tiers entirely within the IMMA (Table R19; Figure R8). Seasonal least-risk 

links (Nesting↔Fishing) are 5/5 IMMA-contained with no intersections with Churna/Astola ( 

Table R20: Seasonal corridor overlap (top-5 least-risk links per season). 

Table R20). For the Top-5 cumulative corridors, ≈82% of the length lies within the IMMA; ≤2–3% 

intersects Churna, and 0% intersects Astola (Table R21). Spatial patterns are consistent with the 

quantitative shares: KDE footprints and high-TTW points are overwhelmingly contained within the 

IMMA, with negligible capture by nearshore MPAs. 

The exposure is offshore and IMMA-contained, dynamic, corridor-aware measures (move-on, weekly 

hotspot advisories, soak-time caps) can be focused off Karachi–Indus and along the western 

Balochistan shelf without relying on changes to nearshore MPA boundaries (Seasonal corridor set — 

geodesic connections (Nesting ↔ Fishing)Multi-season cumulative corridors; Figure R7). The 100% 

Late-tier containment within the IMMA (Table R19: KDE areal overlap with IMMA by season and tier 

(km²; % share).Table R19) supports late-season patrols and observer surges concentrated inside the 

IMMA. 



 

Figure R8: Overlay of TTW-weighted turtle KDE utilisation distributions (50/75/95% volume contours) for Early (amber), Peak 
(red), and Late (purple) phases, with observed gillnet interactions (blue points, sized by TTW, kg). Governance layers: IMMA 
(light blue fill/grey outline) and nearshore MPAs (Churna, Astola; core/buffer). KDE footprints and high-TTW points are 
overwhelmingly IMMA-contained, with minimal capture by nearshore MPA cores/buffers. Quantitative shares in Table R19, 
Table R20, Table R21, CRS: EPSG:4326; areas in UTM 42N. Polygons clipped to the EEZ and bathymetry-based water mask.  

Table R19: KDE areal overlap with IMMA by season and tier (km²; % share). 

Season Tier (UD) Inside IMMA (km²) IMMA share (%) 

Early 95% 10,414.838 95.6 

Early 75% 4,588.758 71.7 

Early 50% 1,905.440 62.1 

Peak 95% 1,745.141 89.2 

Peak 75% 860.505 84.8 

Peak 50% 416.745 83.8 

Late 95% 3,354.695 100.0 

Late 75% 2,681.393 100.0 

Late 50% 1,362.655 100.0 

Notes: Intersections with Churna are de minimis and confined to Early tiers nearshore (≤~0.4% by 
tier); Astola intersections are 0% across all tiers. 

 



Table R20: Seasonal corridor overlap (top-5 least-risk links per season). 

Season Selected 
links (n) 

IMMA 
containment 
(n/5) 

Length inside 
IMMA (% of 
selected length) 

Churna 
intersections 
(n) 

Astola 
intersections 
(n) 

Nesting 5 5/5 ≈100% 0 0 

Fishing 5 5/5 ≈100% 0 0 

Table R21: Cumulative corridors (Top-5): length within governance polygons. 

Area Corridors intersecting 
(n) 

Cumulative length inside 
(km) 

Share of Top-5 length inside 
(%) 

IMMA 5 172.3 82.0 

Churna 
MPA 

1 4.9 2.3 

Astola MPA 0 0.0 0.0 

The high IMMA shares (Table R19) are consistent with H3 biomass containment (Table R9) and the 

short, offshore corridor geometry (Table R16, Table R17; Figure R5,Figure R6). The Top-5 cumulative 

overlap (Table R21) substantiates the Multi-season cumulative corridors prioritisation (Figure R7) and 

underpins the management suite in Sensitivity and robustness. 

11. Sensitivity and robustness 

Sensitivity analyses show that principal inferences—short, offshore, shelf-parallel corridors with high 

IMMA containment and negligible nearshore MPA capture—are robust to reasonable perturbations in 

grid, smoothing, hotspot selection, coastline masking, and cost formulation. Across all trials, the Top-

5 cumulative corridors were unchanged or differed by ≤1 member, with only minor rank swaps (Table 

R22; Figure R9). KDE geometry remained within narrow envelopes (Peak 95% area ±5–10% under 

bandwidth shifts), and the WNW↔SE centroid-shift axis persisted with ±3–6° variation. Corridor 

identity is stable across objectives (Figure R9) and other settings (Table R22, Table R23, Table R24). No 

scenario introduced new intersections with Churna or Astola MPAs. 

The ranking stability is governed primarily by stable hotspot geometry (short separations into high-

TTW Fishing nodes), the corridor-aware actions proposed for October–April (Temporal patterns II — 

Seasonal and monthly structure; Table R7) retain their priority irrespective of analysis settings, 

supporting operational deployment without parameter-tuning dependence. 



 

Figure R9: Least-cost corridors under an alternative objective (distance × TTW). The short, shelf-parallel geometry matches 
the baseline (compare Figure R6), evidencing robustness of corridor identity to objective choice. In both cases, selected links 
are short, shelf-parallel connections between top-rank seasonal hotspots, with identical Top-5 or minor rank swaps CRS: 
EPSG:4326.Quantitative stability in Table R22, Table R23. 

Table R22: Scenario matrix and outcomes (relative to baseline). 

Factor varied (Fishing = 
Aug–May; Nesting = 
Sep–Feb) 

Baseline Sensitivity 
setting(s) 

Top-5 
cumulative 
corridors 

Seasonal 
Top-5 (per 
season) 

IMMA 
containment 

Churna/Astola 
intersections 

H3 resolution res 7 res 6; res 8 Same set Rank 
swaps ≤1 
position 

Unchanged None 

KDE bandwidth Scott’s rule 0.75×; 
1.25× Scott 

Same set ≤1 
member 
swap in 
Peak 

Unchanged None 

Hotspots per side (k) 5 3; 7 Same set 
(k=7); 1 
swap (k=3) 

Minor 
rank swaps 

Unchanged None 

Coastline/bathymetry 
mask 

Mask on No mask Same set No 
material 
change 

Unchanged None 

Cost objective distance ÷ 
TTW(Fishing) 

distance × 
TTW; multi-
objective 

Same set Rank 
swaps 
among 
short shelf 
links 

Unchanged None 



Table R23:  Set stability (Jaccard index) of Top-k corridors vs. baseline. 

Scenario Top-5 
Jaccard 

Top-10 
Jaccard 

Note on differences 

H3 res 6 1.00 0.95–1.00 Identical Top-5; one mid-rank swap within Top-10 

H3 res 8 1.00 1.00 No changes observed 

Bandwidth 
0.75× 

1.00 0.90–0.95 Slight smoothing added one longer link at rank 9–
10 

Bandwidth 
1.25× 

0.80–1.00 0.90–1.00 Worst case: one short link replaced by a parallel 
neighbour 

k = 3 0.80 — One Top-5 member dropped due to smaller 
terminal set 

k = 7 1.00 1.00 Top-5 unchanged; added candidates fill >5 ranks 

No mask 1.00 1.00 Offshore geometry dominates; mask has no effect 

distance × TTW 1.00 0.90–1.00 Same Top-5; minor mid-rank swaps 

Multi-objective 1.00 0.95–1.00 Same Top-5; aligns with least-risk formulation 

Reading note. Jaccard = |A ∩ B| / |A ∪ B| for Top-k corridor ID sets vs the baseline set. Ranges 
reflect small fluctuations across seasons. 

 

Table R24: Diagnostic envelopes under sensitivity runs (vs. baseline). 

Diagnostic Baseline Sensitivity 
envelope 

Outcome 

KDE 95% area 
(Peak) 

≈2.0×10³ km² ±5–10% 
(0.75×/1.25× 
Scott) 

No change in hotspot 
location/ordering 

Centroid 
bearings 

Early→Peak ≈294–330°; 
Peak→Late ≈149–157° 

±3–6° across runs Axis preserved (WNW↔SE) 

Centroid 
distances 

Early→Peak 42–116 km; 
Peak→Late 126–146 km 

Within ±10 km Magnitudes preserved; 
qualitative contrast intact 

The stability of corridor identity/ranks  and the tight diagnostic envelopes corroborate the KDE 

compaction Table R10: KDE isopleth areas by season and tier (km²), the WNW↔SE axis (Table R10 ; 

Figure R4), and the offshore overlap with high IMMA containment (Table R9, Table R19; Figure R2, 

Figure R8). 

Discussion 

Principal findings 

Results delineate two offshore, shelf-parallel corridor bundles—a western Balochistan shelf lane and 

a Karachi–Indus shelf lane—that account for most turtle–gillnet interactions. Risk is seasonally 

concentrated: biomass peaks in October–December and remains elevated January–April (Table R7, 

Monthly distribution of TTW (kg) and share of period total (%)), while Peak-season KDEs are most 

compact (Table R10, KDE isopleth areas by season and tier (km²)). Directionality diagnostics define a 

WNW→SE seasonal axis with shorter Early→Peak and longer Peak→Late centroid shifts (Figure R4 

Seasonal centroid shifts of TTW-weighted KDE utilisation distributions by tier: (a) 50% (core), (b) 75% 

(intermediate), (c) 95% (broad). Dashed arrows show Early→Peak (WNW) and Peak→Late (SE) 



geodesic links; labels annotate distances (km) and azimuths (°). Grey outlines indicate the 

corresponding KDE envelopes. Distances and bearings match Table R14 and Table R15.CRS: 

EPSG:4326., Table R14 Centroid shifts by KDE tier: distances and bearings). Geodesic links between top 

seasonal hotspots are short (≈40–60 km) and recurrent (Table R16 - Candidate set summary (Nesting 

→ Fishing, per season; geodesic WGS-84), Table R17 - Top-5 least-risk corridors (objective = distance ÷ 

TTW at Fishing node; units km·kg⁻¹)), producing high-rank cumulative corridors that are IMMA-

contained and largely outside nearshore MPA cores/buffers (Figure R7 Top multi-season corridors 

ranked by cumulative score , Scorec = (Frequency × 10)/ (AvgWeightedCost+1). Corridors are short, 

recurrent, and concentrated along the Karachi–Indus and western Balochistan shelves; all lie inside the 

IMMA and outside nearshore MPA cores/buffers. CRS: EPSG:4326; water-only clipping applied. Scores 

and attributes in Table R18.; Table R18 - Top cumulative corridors and attributes (direction-agnostic; 

ranked by Score).. Interactions are dominated by large juveniles/subadults (Table R3 - Weight-based 

size classes (n = 379)), shaping the stage structure of mitigation benefits. All principal inferences are 

robust to parameter changes (Figure R9 Least-cost corridors under an alternative objective (distance × 

TTW). The short, shelf-parallel geometry matches the baseline (compare Figure R6), evidencing 

robustness of corridor identity to objective choice. In both cases, selected links are short, shelf-parallel 

connections between top-rank seasonal hotspots, with identical Top-5 or minor rank swaps CRS: 

EPSG:4326.Quantitative stability in Table R22, Table R23.; Table R22 - Scenario matrix and outcomes 

(relative to baseline). 

Ecological interpretation and connectivity 

The Early→Peak contraction and Peak→Late relocation are consistent with monsoon-mediated 

productivity along the continental shelf/upper slope. The offshore alignment suggests transit–foraging 

use of frontal and slope features, with movement lanes tightening during the Peak months and 

widening on either side of the crest (Table R10 - KDE isopleth areas by season and tier (km²), Table R11 

- KDE area composition within each season (share of season-total area, %)). The strong IMMA 

containment (Table R19 - KDE areal overlap with IMMA by season and tier (km²; % share).) indicates 

that biodiversity-based delineations capture much of the pelagic habitat used by turtles, while the low 

capture by nearshore MPAs reflects the offshore footprint of both fleets and corridors (Table R9 - 

Biomass share within key polygons by window (TTW basis)., Table R21 - Cumulative corridors (Top-5): 

length within governance polygons. 

Fishery interaction mechanisms and risk 

Observed overlap conforms to gillnet bycatch dynamics: encounter probability rises with net 

length/drop and soak duration, and with vertical/thermal co-occurrence of target and non-target 

fauna. The high Released Alive share is encouraging (Table R 1 - Status-wise totals from the observer 

dataset (2012–2019).), but absent post-release validation, ex-ante encounter reduction remains the 

tractable lever. 

Management implications (IOTC/WPEB framing) 

Given the offshore geometry and seasonal predictability, corridor-aware dynamic measures are 

warranted:  



i) Encounter-triggered move-on rules along the corridor axis (≥25 nm displacement) to avoid 

repeat exposure within Top-rank links; Top-5 least-risk corridors, top cumulative corridors 

and attributes,  

ii) Time–area advisories emphasising Peak months where KDEs are most compact,  

iii) Reduced soak durations controls and continued handling best practice to shorten 

exposure, and targeted observer coverage during Oct–Apr.  

The Top-rank corridors are short and recurrent, advisory compliance and displacement (≥25 nm along 

the corridor axis) should be feasible operationally without boundary changes and displacing effort into 

nearshore MPAs. Given IMMA containment and minimal MPA intersections (KDE areal overlap with 

IMMA by season and tier (km²; % share). Seasonal corridor overlap (top-5 least-risk links per season). 

Cumulative corridors (Top-5): length within governance polygons.). These actions are feasible without 

boundary changes. These tools align with dynamic ocean management principles (Hobday et al., 2011; 

Maxwell et al., 2015; Dunn et al., 2016) and complement IOTC Resolution 12/04 

(reporting/handling/mitigation/ bycatch rates) and CMS–IOSEA CMP actions.  

Limitations and sources of uncertainty 

In the analysis of this study, the key constraints include:  

1. From this Fishery-dependent sampling, the spatial/temporal effort heterogeneity can bias 

encounter surfaces; effort-standardised indices (e.g., sets or net-km as denominators) were 

not used. 

2. Most records of the species attribution were “Turtle spp.”; species-level inference is tentative. 

3. From the biometric proxies, the TTW is an informative but imperfect weight-based proxy for 

“encounter importance”; CCL coverage was partial. 

4. An initial display of KED tier labelling (Late) inversion between Late 95% and 75% tiers was 

identified and fixed/ corrected; all seasons now pass the nested-isopleths QA. This correction 

does not alter hotspot locations or any overlap/centroid inferences. 

5. The distance ÷ TTW objective for the cost formulation emphasises short links into high-TTW 

nodes; alternative formulations (e.g., incorporating effort or oceanography) merit testing. 

6. Corridor inference would benefit from satellite-tracking data to validate pathway geometry 

and timing. 

7. For the RA proportions likely reported a higher number of safe release percentages as found 

in the dataset. However, the tag-based or telemetry-based validation was unavailable.   

Priorities for further work 

To translate these findings into near-term mortality reduction in the monsoon-structured NIO, six 

modular, fundable priorities are identified—standardising effort, coupling corridors with near-real-

time ocean state, synthesising telemetry across EEZs, trialling mitigation, evaluating outcomes, and 

aligning governance under IOTC/WPEB and CMS–IOSEA. 

1) Effort standardisation: Future work should integrate set counts, soak duration, and gear 

dimensions to derive effort-standardised encounter indices (e.g., turtles per 100 sets) under a 

clear QA/QC framework. Standardised indices with confidence intervals will enable like-for-

like comparisons across fleets, seasons, and areas, and provide baselines for assessing 

mitigation performance. 



2) Dynamic habitat modelling: Corridor layers should be coupled with near-real-time ocean state 

(SST, thermal fronts, winds/currents) to generate operational hotspot bulletins that flag 

periods and locations of elevated contact risk. Retrospective skill scoring should quantify 

forecast value and refine issuance protocols for fleets and compliance teams. 

3) Telemetry synthesis: Regional satellite-tracking datasets should be harmonised to test 

corridor continuity across EEZ boundaries and into the wider NIO, yielding management-

relevant connectivity metrics. Cross-boundary overlays and persistence indices will inform 

coordinated actions among jurisdictions. 

4) Mitigation trials: Controlled field trials are needed to evaluate move-on rules and soak-time 

caps, and to test illumination and gear modifications. Designs should maximise attribution and 

power (e.g., randomised blocks or BACI), reporting adherence, effect sizes with uncertainty, 

and cost–benefit to guide scale-up. 

5) Outcome monitoring: Post-release survival should be estimated using survivorship tags (e.g., 

PSAT/miniPAT) to quantify species- and gear-specific outcomes. These estimates will calibrate 

risk-assessment models and refine mortality multipliers used in management evaluations. 

6) Governance interface: Proposed corridors should be overlaid with emerging Important 

Marine Turtle Areas (IMTAs) and related tools as guidance matures, with alignment sought 

through IOTC/WPEB and the CMS–IOSEA MoU. Joint technical notes, submission-ready 

maps/tables, and a regional implementation roadmap will support transboundary policy 

uptake. 

Collectively, these priorities progress from data foundations to operational management and 

governance across the NIO. 

Conclusions 

This study operationalised a fisheries-science workflow to delineate seasonal marine-turtle “blue 

corridors” within Pakistan’s EEZ from crew-based observer data (2012–2019). Multiple independent 

lines of evidence—monthly/seasonal biomass of monthly distribution of TTW (kg) and share of period 

total (%), KDE compaction/expansion KDE isopleth areas by season and tier (km²), centroid-shift 

directionality of seasonal centroid shifts of TTW-weighted KDE utilisation distributions by tier: (a) 50% 

(core), (b) 75% (intermediate), (c) 95% (broad), H3 biomass fields, and geodesic corridor geometry of 

Geodesic corridor candidates connecting the top-5 Nesting hotspots to the top-5 Fishing hotspots 

within Pakistan’s EEZ, Least-risk Nesting↔Fishing corridors minimising distance, top multi-season 

corridors ranked by cumulative score —converge on two offshore, shelf-parallel bundles (western 

Balochistan; Karachi–Indus). These corridors are overwhelmingly IMMA-contained with negligible 

capture by nearshore MPA cores/buffers, and are short and recurrent, making them tractable for 

dynamic mitigation. 

Management implications are direct: prioritise October–April for corridor-aware actions—encounter-

triggered move-on (≥25 nm along the corridor axis), time–area advisories (weekly), and soak-time 

controls—focused on the Karachi–Indus and western Balochistan lanes. These measures align with 

regional practice and guidance, reduce repeat exposure where Peak-season kernels are tightest, and 

are robust to methodological choices for the least-cost corridors under an alternative objective. 

Despite limits in species attribution and effort denominators, the spatio-temporal signal is strong and 

consistent, providing a practical basis for near-term bycatch reduction while laying groundwork for 

telemetry integration and effort-standardised indices (see Management-relevant synthesis (corridor-

aware mitigation roadmap). 



Data, Ethics & animal welfare 

This research analysed opportunistic, fishery-dependent observations recorded by trained crew 

observers (volunteers) during routine tuna-gillnet operations in Pakistan’s EEZ (2012–2019). No 

experimental manipulation of turtles was undertaken, and controlled access was provided by the data 

custodian (WWF–Pakistan). Vessel identifiers and personal information were anonymised before 

analysis. No animals were captured for research purposes. Handling and release practices followed 

IOTC Resolution 12/04 on marine turtle conservation and handling, and WWF–Pakistan standard 

operating procedures (Abdul Razzaque et al., 2020).  
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Supplementary Information 

1. Management-relevant synthesis (corridor-aware mitigation roadmap) 

Synthesising KDE, H3, corridor networks, overlap analyses, and directionality diagnostics yields a 

consistent picture: two shelf-parallel blue-corridor bundles—a western Balochistan shelf lane and a 

south-eastern Karachi–Indus shelf lane—carry the bulk of turtle–gillnet interactions. These axes are 

offshore, IMMA-contained (≈80%+), and largely outside nearshore MPA cores/buffers, with activity 

peaking in October–December and remaining elevated into January–April. Management attention 

should therefore prioritise dynamic, corridor-aware measures during these months, with emphasis on 

short, recurrent geodesic links that scored highest in cumulative analyses (Table 25, Table 26, Table 

27). 

Table 25: Priority corridors and recommended levers (from cumulative + seasonal results) 

Corridor 
ID 

Spatial 
descriptor 
(concise) 

Recurrence 
(seasons) 

IMMA 
share 
of 
length 
(%) 

Nearshore 
MPA 
intersections 

Priority 
months 

Recommended 
primary levers 

C1 Western 
shelf bundle 
(off Karachi 
→ WNW) 

≥2 ≥80 0 Oct–Dec 
(peak); 
Jan–Feb 

Targeted observer 
coverage; 
encounter-triggered 
move-on; weekly 
hotspot advisories 

C2 Karachi–
Indus shelf 
bundle (SE) 

≥2 ≥80 0 Oct–
Dec; 
Mar–
Apr 

Time–area 
advisories; move-
on; reduced soak 
duration pilot 

C3 Northern 
shelf short 
links 
(within-
cluster) 

≥2 ≥80 0 Nov–Jan Rapid advisory 
updates; move-on; 
increased patrol 
effort 

C4 Western 
mid-shelf 
connector 

2 ≥75 0 Oct–Nov Observer surge; 
post-encounter 
relocation guidance 

C5 SE inner–
mid shelf 
connector 

2 ≥75 0 Nov–
Dec 

Advisory bulletins; 
soak-time best 
practice 
reinforcement 

Notes. Corridors C1–C5 correspond to the Top-5 cumulative set and the lowest-cost seasonal links; 
qualitative descriptors follow map panels. IMMA containment and MPA intersections align with 
overlap tables (IMMA high; MPA ~0). 

 



Table 26: Operational triggers and responses (corridor-specific, Oct–Apr window) 

Trigger 
(measurable) 

Threshold 
(example) 

Immediate 
action (≤24 h) 

Sustained action 
(≤72 h) 

Accountability 

Turtle 
encounter 
density 

≥1 turtle per 
set within a 25-
nm corridor cell 

Issue move-on 
advisory ≥25 nm 
along corridor 
axis 

Maintain 
displacement for 72 
h; targeted observer 
ride-along 

Skipper; fleet 
liaison; observer 
coordinator 

Repeat 
encounters 

≥2 turtles in 48 
h within same 
H3 cell 

Escalate bulletin 
to red; prioritise 
on-scene 
observer 

Expand advisory to 
adjacent cells 
(up/down-corridor) 

Fisheries ops; 
WWF observer 
team 

High-risk 
month onset 

1 Oct, 1 Nov, 1 
Dec 

Publish weekly 
hotspot bulletin 
(KDE/H3 
overlays) 

Review compliance & 
effectiveness; adjust 
cells 

Science lead; 
comms focal point 

Soak duration >X hours (fleet-
agreed cap) 

Message skipper; 
log corrective 
action 

Flag in weekly 
compliance report 

Vessel master; 
observer 

Notes. Distances and times reflect standard dynamic-management practice and can be tuned via 
pilot trials. Corridor axis = bearing-aligned displacement (WNW↔SE) derived from centroid-shift 
diagnostics. 

Table 27: Monitoring & evaluation (M&E) indicators for corridor pilots 

Indicator Definition Baseline Target (pilot) Data source / 
frequency 

Observer coverage 
in corridor months 

% of trips with 
observers (Oct–
Apr) 

0% (corridor-
targeted 
coverage)* 

≥20–30% Trip logs; monthly 

Encounter rate Turtles per 100 
sets within 
corridors 

N/A (sets not 
recorded)† 

−20% to −40% 
vs baseline 

Observer forms; 
weekly 

Move-on 
compliance 

% of advisories 
followed within 
24 h 

0% (no move-on in 
baseline period) 

≥90% AIS/telemetry; 
weekly 

Spatial 
displacement 

Median km 
moved post-
advisory 

0 km (no 
advisories in 
baseline period) 

≥25 nm 
(≈46.3 km) 

AIS; weekly 

Bycatch outcomes % RA vs RD 
within corridors 

RA 95.4% / RD 
3.6% (proxy)‡ 

↑ RA share; 
↓ absolute 
RD 

Observer forms; 
monthly 

Notes:  

* No corridor-targeted programme existed in the pre-pilot period; historical observers operated 
opportunistically on four vessels. Replace the 0% (or 0 km) with the realised Oct–Apr baseline from 
the last pre-pilot season once trip denominators and AIS tracks are compiled. 



† Establish the numeric baseline during weeks 1–4 of the pilot by logging set counts in corridor cells 
and computing turtles·100 sets⁻¹ for that pre-intervention window; fix this as the reference for 
subsequent comparisons. 

‡ Nautical-mile threshold expressed in metric units: 25 nm ≈ 46.3 km; report displacement in km 
while retaining the policy threshold in nm for operational clarity. 

§ Corridor-specific RA/RD shares were not tabulated historically; the programme-wide composition 
(RA 95.4%; RD 3.6%, 2012–2019) is used as an interim proxy. Replace with corridor-only values after 
the first month of pilot data. 

Corridor-aware measures are operationally tractable because priority links are short and recurrent, 

allowing focused deployment of observers and advisory bulletins. The WNW↔SE seasonal axis 

enables directional move-on (≥25 nm along-corridor) that reduces repeated exposure without 

displacing effort into sensitive nearshore MPAs. Given high IMMA containment and minimal MPA 

overlap, these actions complement existing designations rather than relying on static boundary 

changes. Effectiveness should be evidenced by reduced encounter rates in Top-5 corridors during 

Oct–Apr, without loss of RA proportions. 


