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1. Introduction

The Western and Central Pacific Ocean (WCPO)
supports several major tuna species, with skipjack
tuna (Katsuwonus pelamis) being the most dominant,
exceeding 2.1 million metric tons in reported catch
in 2024 (Williams and Ruaia, 2022). Its distribution
and population dynamics are strongly regulated by
oceanographic variability, particularly sea surface
temperature (SST), making the understanding of
essential for

thermal spatiotemporal

fisheries

patterns

sustainable management and climate

impact assessment (Lehodey et al., 2013).

Spatiotemporal clustering offers a useful framework
for identifying coherent oceanographic regimes;
however, reliance on single validation metrics or
subjective cluster selection often leads to unstable
and irreproducible results (Hennig, 2007). To
address this, we developed a deterministic clustering
framework based on a majority-voting consensus
approach. The ecological relevance of the derived
thermal regimes was then evaluated by examining
the SST-skipjack catch relationship within each
cluster.

2. Materials & Methods

The study area (155°E—173°E; 4.5°S—4.5°N) covers
the Exclusive Economic Zone (EEZ) of the Solomon
Islands (Fig. 1), a key transitional zone between the
warm pool of the western Pacific and the cool tongue
ecosystem, and a core region of ENSO variability
(Wang et al., 2025). The Solomon Islands Ministry
of Fisheries and Marine Resources provide the
fisheries data and the Copernicus Marine Service
provided the SST data. Both datasets were re-
gridded to 1° X 1°, detrended, and standardized
before analysis.
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Grid-cell-wise Pearson correlation was applied to
assess SST—catch relationships, with bootstrap
resampling and false discovery rate correction being
used to statistical ~significance. A
deterministic was
implemented across five fixed seeds, and 20
validation runs to ensure clustering stability and
reproducibility. Cluster performance was evaluated
using the Silhouette Score, Adjusted Rand Index
(ARI), and within-cluster
interannual trends were examined using an i.i.d.
Bootstrap approach. All analyses and visualizations
were performed using Python version 3.13.

evaluate

majority-vote  consensus

variance, whereas

Figure 1. Distribution for sum of skipjack catch
biomass (contour color) and mean SST (black
contour lines) in the study area (2001-2016).

3. Results

Grid-cell-wise  Pearson  correlations  between
skipjack catch and SST were computed for 150 cells;
one cell was excluded after preprocessing because of
insufficient temporal coverage. The correlation
distribution showed a modest positive mean (r =
0.112) with substantial spatial variability (r =—0.374
to 0.359; Fig. 2A). Most grid cells (90%) exhibited
positive correlations, and all coefficients fell within

their respective 95% confidence intervals.



The application of the Benjamini-Hochberg false
discovery rate (FDR) correction reduced the
proportion of significant correlations from 47.3%
(pre-FDR) to 32.7%, with 49 cells remaining
significant (Fig. 2B), thereby controlling for Type |
error while preserving the underlying spatial
structure.

Using a deterministic majority-voting framework,
we evaluated the optimal number of clusters across
20 validation runs with five fixed seeds over a range
of k = 2-6 using deterministic k-means algorithm.
The optimal solution was k = 3 (Fig. 3), which was
selected based on the highest silhouette score.

The final clustering assigned each grid cell to one of
three cluster IDs (0, 1, 2) with 100% voting
consensus. The solution yielded a mean silhouette
score of 0.4544, a reproducibility score of 0.654, a
mean within-cluster variance of 0.0086, a variance
ratio of 3.158, and a mean Adjusted Rand Index
(ARI) of 0.5612, indicating moderate stability and
consistency across runs.

Mean r = 0.112

-0.16

Y 4|
D -032

162.5°E 165°E 167.5°E 170°E 172.5°E

155

160°E

Correlation Coefficient (r)

The three spatial clusters (IDs 0, 1, and 2) revealed
marked heterogeneity in the SST—skipjack catch
relationship across the study area (Fig. 4A). Cluster
0 (n=11 cells; 7.3% of the domain) exhibited a weak
negative correlation (mean r =—0.170; range: —0.374
to 0.062). Cluster 1 (n = 95; 63.3%) showed a weak,
largely non-significant positive relationship (mean r
=0.091; range: —0.105 to 0.172). In contrast, Cluster
2 (n = 44; 29.3%) exhibited a moderately positive
correlation (mean r = 0.228; range: 0.175-0.359).

The interannual trend analysis (2001-2016; n = 16
years per cluster), with 1,000 i.i.d. bootstrap
resamples for uncertainty estimation, further
highlights distinct dynamics (Fig. 4B). Cluster 0
shows a negative but non-significant trend (slope =
—0.0088 + 0.0067 SD yr'; 95% CIL: —0.0221 to
0.0046; R? = 0.12; p = 0.18). Cluster 1 exhibited a
weak positive trend (slope = 0.0079 £+ 0.0028 SD
yr';95% CI: 0.0024 t0 0.0134; R2=0.38; p=0.011).
Cluster 2 demonstrates a significant positive trend
(slope =0.0074 + 0.0028 SD yr'; 95% CI: 0.0029 to
0.0119; R?* = 0.41; p = 0.008), indicating the
strengthening of SST—catch coupling in this region.

FDR Significant Correlations 10
Significant celis: 49

05

Sigificant (1) / Not Significant ()

W 4
e

155°E  157.5°E 160°E  162.5°E 165°E  167.5°E

170°E  172.5°E
0.0

Figure 2. (A) Spatial distribution for the Pearson correlation coefficient for skipjack catch SST relationship
and (B) post FDR spatial structure of significant cells after correction for multiple testing (2001-2016).

k Selection Timeline Across Validation Runs

~=- Final selection: k=3
3.4
3.2
x 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
3
T 3.0+
2
7]
w
2.8
2.6

CLUSTER STABILITY AGREEMENT SUMMARY

Environmental Variable: SST
Total Validation Runs: 20
Unique k Values Selected: 1

SELECTION STATISTICS:

= Most frequent k: 3 (20/20 runs, 100.0%)
- Final selected k: 3

+ Final confidence: 100.0%

=y QUALITY METRICS:

« Mean silhouette score: 0.4544
= Std silhouette score: 0.0000

STABILITY RATING:
= EXCELLENT

INTERPRETATION:

« Confidence = 90%: EXCELLENT stability
= Confidence = 75%: GOOD stability

- Confidence = 60%: MODERATE stability
= Confidence = 40%: FAIR stability

+ Confidence < 40%: POOR stability

12 3 4 5 6 7 8 91011121314 151617 18 19 20

Validation Run Number

METHODOLOGICAL NOTES:

« 20 deterministic validation runs

- 5 seeds per run

« Majority vote selection across runs
- Enhanced reproducibility framework

Figure 3. Selection of optimal k-clusters across 20 validation runs for the 5 different fix seeds.
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Figure 4 (A), spatial distribution for the different
clusters and (B) their temporal trend series from
2001 to 2016.

The three clusters of skipjack—SST correlation
represent contrasting oceanographic regimes
relevant to habitat variability. Cluster 0 (11 cells)
exhibits negative correlations, likely associated
with thermal fronts or localized upwelling zones
rather than stable warm waters (Zainuddin et al.,
2008), potentially reflecting enhanced productivity
and prey aggregation near 159.10°E. Cluster 1 (95
cells) corresponds to persistently warm conditions
with weak, non-significant correlations, suggesting
that SST within the optimal thermal range (28—
30 °C) imposes limited constraints on catchability
and that other environmental drivers may dominate.
Cluster 2 (44 cells) shows moderate, significant
positive ~ SST—catch  relationships,  likely
representing transitional zones along warm water
mass boundaries, where thermal gradients help
structure the optimal habitat of skipjack (Lehodey et
al., 1997).

The cluster validation metrics confirm the
robustness of the three-cluster solution. The
reproducibility index (0.654) and 100% voting
consensus indicate stable cluster selection, whereas

the silhouette score (0.4544) indicates adequate
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cluster separation. The Adjusted Rand Index (ARI
= 0.5612) further supports robustness to seed
variation, reflecting consistent spatial partitioning.
A variance ratio greater than 3 indicates a clear
spatial heterogeneity discrimination, and the low-
mean within-cluster variance (0.0086) highlights
strong skipjack—SST
relationships within each cluster.

internal coherence in

4. Conclusion

Our deterministic majority-vote framework for
spatiotemporal clustering of skipjack catch and SST
strong reproducibility and stability,
overcoming the output result variability of
conventional random stochastic initialization and
enabling consistent identification of the optimal

ensures

cluster number. This approach strengthens
fisheries—oceanography analyses by providing
clearer delineation of habitat homogeneity,
heterogeneity, and species—environment
relationships.
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