Limnoldgical Monitoring of Lake Titicaca — Puno Bay Case Study
Trophic States (OCDE 1982) vs. Optical States (OWT 2017), Algal Blooms Early Warnlngs & Urgent Management Recommendations
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Current Limitations

Annual water quality
binational monitoring campaigns
(2014+)

* Spot sampling ~70 points, 2-week

campaigns, 2 scientific boats, tens

of specialists, >2 months data
analysis and interpretation
(reactive)

* High costs: fossil fuel (diesel) +

logistics
* Surface measurements 20-30 cm

* Mostly pelagic zones, not shallow

littoral

* GOAL: permissible thresholds
respected based on water quality
standards (Peruvian ECA)

* 20 physicochemical parameters + 2
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major lIimnological variavles

* Ecological adv:an@e&luable
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warnings
* Management recgﬁméﬁﬂgglons by
* paSamedea-bottom profiles (100 m)
* High frequency (1 Hz)
* Real-time
* Variables: Cond, Temp, ODO% CB,

npH. ORP. Turb. Chl-a3. Phvcocvanin.

(2) Technological
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Lake responses to
climate changes and
human pressures?

Proposed innovative

monitoring
In high frequency and
real time

* Determine trophic states
(OECD 1982) spatial
distribution

. Disrciminate zones using
Cluster Analysis

* TIdentify key variables
using PCA

* Determine optical water
types (OWT 2017)

* Validate satelite
Chlorophyll-a data using
in situ data

* Locate e phication
zones

* Generate Blooms early

Contrdabute to
* Suggest tection and
rest i?jﬂlﬁ;asures

policies



In Limnology, Trophic States = a :
scientific basis for understanding : OECD (1982) Trophic State Classification Criteria

eutrophication processes (response to g Source: OECD {1982)

nutrient enrichment); a practical tool Sy —>INCREASINGNUTRIENTLOAD‘I’N(GJDECREASINGCLA!?IIY—>

for management, monitoring, and .- (Unit) ‘ Oligotrophic - Mesotrophic ™% Eutrophic = e}:zr%?)rt;ic

regulation; an early indicator of Total Phosphorus i =

environmental degradation (algal (ug P/L) 3.0-177 10.9-95.6 16.2-386

blooms) . TotalNitfogen | 307-1630  361-1387  393-6100
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Eleveld et al.
THE OWT CLASSIFICATION: OPTICAL WATER TYPOLOGY BY REMOTE SENSING

=y
Sentinel-3 ‘\ Fundamental Principle: Classifies according to inherent optical
oLCl Satellite Reflectance (Rrs)  properties (absorption and backscattering) that reflect

composition: Phytoplankton (Chl-a), COOM, TSM

Low nutrient concentration, Moderate productivity, High nutrient concentration, Highest level of nutrients and
clear waters, low productivity, reasonable transparency, high productivity (many algae, very turbid, anoxia, \ \
oxygenated, medium plant growth. algae), turbid, shallow. cyanobacteria blooms. THE 6 m AL w ATER TYPES (OWT) & TROPHIC GRADIENT
Increase of Nutrients and Biological Productivity w

owT| (ugl)

A | | B MONITORING ADVANTAGES T G
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- [féﬂxw , Multivariate statistical analyses
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ANALISIS DE COMPONENTES PRINCIPALES (PCA)
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omparative limnological wvariables Peculiarities by zones
by zones w0 w mosatoo(%ca)
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OECD Trophic States vs. OWT States concordance

Consata

St 7 o

+ Rusaspata
S\‘\r :

: R o, .
3\m “PHiaycapata | Villa “"“"{ N

Mdho - \ Pusillani

y } Chuma Aucapata
b Uminata \

\\ ' ~S .
il 1 nay 3‘_/¢J--f\\ gy LA
JPuertocosta v . v
> .

\ Quilbayal B
R

DRcoat | e, N 3
e . )
3 Capachie
l'v_ll‘? N
B g
VL' - b 3
an e <
"Fau(‘a (Lolla
SN
- \r

by 3 .
o | ixg) Pno , o =
'/ -
y ; \CPB|II_in'~'_ '
AWIly0 s F
ghwily s v Te .

AWily2
-

IRWI"‘
Iin.lya

ReServa Ceneo KuAD S
N

y Taraco
kAW

b

Zepita Tiwanak Ty

s

Desa h. dero, WY G, 7

Imagery Osfa: 604202571 213, 744716° ) lonf HIHZ0037" "slev, O en WiV 2 3amENY k-l ad - o o : 1 Imagery Date: 12/31/2020 L lat -15:939792° lon -69.192770° elev 3822 m € alt 191.27 km

£ Slmage LandsatifiCopernicus

i oligotrophi ‘ mesotrophic hyper-
/ c — OWT-1 7 - OWT-2 (9) eutrophic -

(10) OWT-4 (7)

25 in situ OWT points overlaid on Sentinel-3 OWT Sentinel-3 OWT clasificacidén image overlaid on
classification image (300 m resolution, daily Google Earth map (Oct 24, 2024)
coverage, Aug 22, 2025)



ZONA 1: BAHIA INTERIOR DE PUNO (BIP)

Biomasa Algal / Algal Blomass

Clanobacterias / Cyanobacteria
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Fulfills ALT binational mandate:
protect ecosystem and population
Scarce resources: Maximize dual
impact (ecosystem + health)
Interdisciplinary: Brings together
limnologists, public health experts,

and managers Aﬁ::]>;

‘Strategic management recommendation

for public policy

-

PRIORITIZATION MATRIX

BALANCED Scenery: 50% ECOLOGY + 50% PUBLIC HEALTH

‘TOP-PRIORITY-(Z points): LTit64(BIP), RWilly2-(Willy)"

W) HIGH PRIORITY (6 points): RWilly5 (Willy), LTit62-LTiti2-LTit60 (BIP), LTit70 (BMP), RWilly3 (Willy) 1

(2 points): LTIt66-LTit68 (BMP)"

O LOW PRIORITY (15 points): RWillyl (Willy), LTit59 (BIP), DrCoat1 (Coata), RWilly4 (Willy), DrCoat2
(Coata), Ltit61-LTit63 (BIP), RWilly0 (Willy), LTit72-Ltiti3-LTit69-LTit67-LTit71-LTit12-LTit73 (BMP) "



The Proposed Model: A 2-Tier Early Warning System

" Tier 1: The Sky (Daily Continuous Watch) }
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Zero-cost,
Za | W 8= daily binational
A monitoring
ESA Sentinel-3 captures SNAP/C2RCC software processes Automated OWT trophic
daily imagery atmospheric corrections maps generated
A Triggered ONLY if anomaly detected
- : (e.g., expanding OWT-4 class)
Tier 2: The Water (Targeted Action) } h 4
29
> -
Highly efficient
resource
allocation
MS PlanetSolar Il deploys YSI EXO2 probe confirms
to anomaly coordinates conditions in situ

Protecting the Ancestral Heritage of Lake
Titicaca

* Science has i1dentified the problem and

~11+ T 9~ A a1+ 9 AN



