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III. Onagawa Bay: Pilot Site

I. The Subtle Complexity of a Simple Research Question And the Proposed Solution Pipeline II. Framework Idea

IV. Each Modality of the Heterogeneous Data Sources Required Specific Preprocessing Methods

A framework that converts 
heterogeneous ecosystem 
monitoring outputs data into 
source-specific, retrievable, 
citable, and auditable 
evidence units

Pipeline Hands-off: typed Parquet + serving context → anchor 
events / links → retrieval documents → PostgreSQL + pgvector

V. Pre-Computed Analysis Memory
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Contact Information

Structured ecological computations are precomputed 
before the user asks a question, analysis such as:

CTD Monthly Trends

VI. Data Integration Strategy

Taxa–Environment Corr.

Diversity Indices Taxa Co-occurrence 

Canonical observation records

RetrievalDocument schema

Hybrid retrieval context

Structured metadata

doc_id citation target

source_type modality boundary

event_id anchor link

sample_id sample link

time/site spatiotemporal filters

provenance audit path

• Observed variables / taxa
• Time, bay, station, depth
• Relevant summary values
• Linked context documents
• Explicit caveats / gaps

Narrative Text

The LLM sees readable evidence → 
the system keeps structure to 
filter, rank, join, and audit it.

VIII. Hybrid Evidence Retrieval and Large Language Models IX. User-Facing Interfaces Prototype

1. Query controls
question + top-K
source_type

2. Backend dispatch
unified.retrieve()
checks PostgreSQL

3. Hybrid search
Semantic + FTS + SQL 
filters + RRF fusion

4. Evidence assembly
ranked documents
with metadata

5. Prompt builder
evidence + pre-analysis + 
reliability + citation

6. LLM Answer
returns answer + sources
+ n_sources

Input : Parsed Query + Filter

Vector Search Full-Text Search

𝒔𝒄𝒐𝒓𝒆𝑹𝑹𝑭 𝒅 =
𝒘𝒗

𝒌 + 𝒓𝒗 𝒅
+

𝒘𝒇

𝒌 + 𝒓𝒇 𝒅

Top-K Sources

Expected answer structure

Answer claim  →
Modality evidence  →

Numeric values  →
Interpretation  →

Caveats  →

cite [doc_id]
CTD / metagenome / SST separated
units + precision
supported, not causal by default
gaps, conflicts, resolution limits

The system enforces source-grounded answering, but the 
system still needs evaluations and whether injected context 
improves answers without over-conditioning them

Hybrid retrieval 
improves evidence 
selection by combining 
semantic similarity 
from pgvector with 
lexical precision from 
PostgreSQL full-text 
search, then fusing 
both ranked lists with 
RRF to produce citation-
ready sources for the 
LLM

“ What biological 
observations 
coincided with 
warmer surface 
conditions ? ”

Was the surface 
warmer?

What were the water-
column conditions?

What biological signals 
were observed?

Can each claim be 
traced?

Satellite 
SST

CTD profiles

Metagenome 
Taxa Tables

Provenance 
Records Central 

Knowledge 
Base

Query 
Orchestrator

Packaged Per-Inquiry 
Memory

Inquires

Retrieve From

Package

Inject back
Answer+ Summary + 
Sources + Data Origin

Generates

User Interface

Pre-Processed → Insert

Source Key Attributes Integration

CTD profiles

Structured water-column 
observations Temperature, 
salinity, depth, oxygen, 
related variables

Sampling 
date/time
Station or bay
Depth layer

Metagenome 
eDNA tables

Taxonomic abundance and 
sample metadata Genus / 
species-level biological 
signal

Sample ID 
Sampling date
Site or bay

Satellite SST 
Himawari

Gridded sea-surface 
temperature Spatiotemporal 
raster / NetCDF subset

Timestamp
Latitude/ 
longitude Bay 
region

Data Sources
Insert

Pre-
Compute

Structured 
ecological 
computations 
are 
precomputed 
before the 
user asks a 
question, 
analysis

Evidence units

Hybrid retrieval

Context assembly

Prompt governance

Answer output

User Inquiries
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System variant Main comparison Potential evaluation questions

LLM-only Generation baseline What might explain the unusual plankton signal we saw 
around Onagawa this season?

Single-source RAG Isolated modality 
evidence

Can you summarize what the CTD observations suggest 
about the water conditions during that sampling period?

Two-source RAG Partial cross-source 
linking

Do the biological samples line up with any noticeable 
water-column conditions?

Multi-source RAG Full heterogeneous 
retrieval

Was there anything unusual in the physical environment 
around the time the community composition changed?

Multi-source + 
Analysis

Effect of analytical 
memory

Are there any recurring patterns between the environmental 
conditions and the taxa we observed?

Multi-source + 
Reliability

Effect of validation 
context

How confident should we be that the apparent temperature 
change is real and not just a data mismatch?

Full framework Complete proposed 
framework

What is the most defensible explanation for the biological 
change, based on the available observations?

VII. RAG System Evaluation Processes →

Note on the usage of LLM: In this system, the LLMs was used locally to generate 
responses from retrieved ecosystem-monitoring evidence. Model inference was 
performed through a locally hosted model without internet access, cloud APIs, 
or external data-center computation. The environmental impact of each runtime 
was limited to electricity used by the local hardware in that session.

Benchmark the system with 15 questions across 5 
categories. Supports the ablation study - across 7 
system configurations varying source coverage (0–3), 
pre-analysis injection, and reliability injection. 

CTD

Meta-
genome

SST

Depth-resolved
water-column measurements

Hourly gridded
NetCDF observations

Sample-by-taxon
abundance matrices

Standardize identifiers, units, 
and depth fields

Extract Onagawa grid cells → 
aggregate by day 

Map run/sample IDs → reshape 
records → perform QC checks

Cast profile +
environmental summary

Point time series +
regional SST summary

Sample-level
taxonomic summary

Packaged 
Per-Inquiry 
Memory- 
Ready  Data

Stored in 
Knowledge 
Base

Raw Data


