Ty

= WATERISLIFE
— SCHOOLS") ()) 4

MAURICK COLLEGE

LR SEERRTTTI ,'1.7
</




. 4
= oo

MAURICK COLLEGE

Category 1 — “Nature & Aquatic Life”
Focus: aquatic and marine ecosystems, biodiversity, and ecological responses to environmental and
human stressors

N

Nousw

How does thermal heat stress affect giant kelp growth

Trait — Environment Relationships and Morphological Variation in the Endemic Andean
catfish Trichomycterus bogotensis

The impact of tourism on water and marine ecosystems in Curacao

Tourism in The Wadden Sea

Microplastic in the Wadden Sea

Utilizing Game Theory to Determine the Grounds for Marine Cooperation

Detecting Newly Emerging Floating Vegetation Using Sentinel-2: The Novel Remote Sensing
WARN for Monitoring Alligator Weed

Assessment of Water Quality in Bowker Creek for Implementation of a Salmon Egg Box to
Restore Salmon Population

Chemical analyses of Gulbene city ponds

Category 2 — “Clean Water, Smart Science & Health”
Focus: water quality, monitoring, purification technologies, and nature-based or technical solutions

LN

A Mangrove-Inspired Real-Time Water Quality Monitoring System

The Biofiltration Efficacy of Tanjung Pasir Mangroves in Mitigating Nitrate Loading and
Stabilizing pH from the Cisadane River

Water is Life, Sustainability is Future: Green Photocatalyst from Rubberwood Biochar-TiO,
for Wastewater Purification

Smart Water Monitoring: Automated Detection of Microplastics in Water Using Polarization
Imaging and Machine Learning

Assessment of olive stone-derived biochar as a sustainable solution for reducing
pharmaceutical pollution in wastewater

Hydro Credit Project

Microbial Contamination of Reusable Water Bottles Among Students of Different Age Groups
The mechanism of dehydration in the mouth, airway and lungs caused by vaping
Awareness of Estonian Companies Using Marine Raw Materials Regarding Environmental
Impact Assessment and Data Availability

Category 3 — “Water, Cities & Society”
Focus: governance, urban water management, social dimensions, policy, and human impacts

ok wn e

N

Installation of Rain Gardens in Shibuya and Their Sustainable Maintenance System
Rainwater infiltration in city centers of Dutch cities

The Catalan Sponge; Potential measures to tackle a drought in Catalonia in 2040
Political participation in regional water management

Assessing Governance Model in Mangrove Management: A Case Study of State-Owned
Enterprise (SOE) — Community Collaboration in Tanjung Pasir, Indonesia

Synergies. The Case of the Vanoi Torrent Dam.

Water Waste in Agricultural Practice



Nature & Aquatic
_ife




How does thermal heat stress affect Giant kelp growth?

Kelp Group
Oak Bay High School
British Columbia, Canada

Paisley Rodier, Isla Pilling, Ella Hostad, and Finn Ostermann

Abstract:

This paper examines the effect of climate change and thermal stress on the growth of
Giant Kelp (Macrocystis pyrifera) on the coast of British Columbia, Canada. Climate change has
resulted in a rapid decline of Giant kelp forests, which has drastically affected the ecosystem.
Our experiment examines how different temperatures affect the growth of Giant Kelp
gametophytes and sporophytes. We hypothesize that the growth of Giant Kelp will be reduced
when thermal stressed at 15°C as compared to kelp grown at 10°C. The gametophytes were
grown in an incubator supported by Blue Future Kelp for two weeks at the experimental
temperatures. Then the light was switched from red to white to induce the growth of the
sporophyte. We then transplanted the sporophytes to our school aquarium and measured their
growth twice a week for an additional 4 weeks. We anticipated that the kelp grown at 10C
would have larger growth than the kelp grown at 15°C. Unfortunately, our experiment was

unsuccessful, and our kelp did not grow.



Introduction:

Giant Kelp, Macrocystis Pyrifera, is
a perennial brown seaweed found worldwide
in subpolar and temperate waters. Giant
Kelp’s ideal growing temperature is
approximately 5-20°C, allowing it to thrive
in the Northwest Pacific (Hutchins, 2016). It
1s common in the Pacific Northwest, Eastern
North America, South America, South
Africa, Oceania, Northeast Asia, and
Northwest Europe. Giant Kelp is
characterized by its root-like anchor, leafy
blades, pneumatocysts, and incredible
growth rate (Le et al., 2022). A
pneumatocyst is an air bladder found in
certain seaweeds to provide buoyancy. It
averages a growth speed of 28 cm per day,
but some blades can reach up to 60 cm per
day. This rate of growth enables kelp to
form dense forests, creating thick canopies
despite a lifespan of only two to seven

months.

These kelp forests provide shelter for
a wide range of organisms, making Giant
Kelp a keystone species. Giant Kelp
reproduces through a two-stage life cycle
called alternation of generations, allowing
its microscopic gametophyte stage to drift
long distances and seed new areas. These
gametophytes then release sperm and eggs,
which develop into the sporophyte stage,
becoming the recognizable form of Giant
kelp.

Giant kelp plays a crucial role in the
marine life of the Pacific Northwest (Giant
Kelp Facts — SeaDoc Society, n.d.). These
kelp forests provide shelter for a wide range
of organisms, making Giant Kelp a keystone
species. Kelp provides shelter for fish and
sea otters, food for marine snails, kelp crabs,
and sea urchins, and serves as nursery
grounds for fish. Aside from being home to
marine life, giant kelp forests absorb and
store an immense amount of CO, and

convert it to biomass (Kelp Forest Alliance,



n.d.). Giant kelp can soak up to 50 times
more weight of CO, than a terrestrial forest,
acting as a carbon sink even after the death
of the plant. Additionally, Giant kelp forests
slow down waves and capture some of their
energy, thus protecting the coastline from
harsh waves and erosion. The increased rate
of global marine heat waves greatly affects
kelp forests worldwide (National Marine
Sanctuaries, n.d.). The localized temperature
changes affect marine life and can lead to
extinction. As the climate changes, the rise
of ocean acidity and temperature degrades
the health of kelp and other marine life. The
increase in heat causes more algal blooms
and lowers the rate of photosynthesis in the
kelp species. Kelp tissues are more easily
torn down, and blades are eroded during
large wave events when in this weakened
state, causing mass physical damage.
Additionally, Giant Kelp is
incredibly important to the culture of the

Indigenous Pacific Northwest tribes. Kelp

was eaten, used in ceremonies, and made
into hunting and fishing tools, including
fishing lines, nets, hoses, and anchors. Not
only has kelp been a valuable resource for
Indigenous people dating back thousands of
years, but it is also said that tribes followed
the kelp beds along the coast of North
America from places including Asia and
South America during migrations (Whales,
2023). The decline of kelp forests not only
affects marine life but also Indigenous
communities that rely on it for their cultural

identity.

Methods:

Trial Run:

Before starting our experiment, we
ran a trial run to test it. We blended Giant
Kelp gametophytes with an Erlemeyer
magnetic stirrer before mixing them with a
blend of F/2 nutrients and sterilized
seawater. Then we poured the mixture into a
sterilized spray bottle. We placed eight

sterilized slides into our empty aquarium



and sprayed the gametophyte mixture evenly
across the slides. We then slowly filled up
the tank with seawater and allowed the test
slides to grow for two weeks. We used 90
umol photon grow lights on a 12-hour timer
to simulate natural daylight cycles. We
checked the microscope slides for growth
after seven days and fourteen days. There
was no sporophyte or gametophyte growth
after the two weeks. We hypothesized that
our flow rate was too strong for the
gametophytes to attach securely to the
microscope slides, and adjusted our
methods.

Main Experiment:

After our trial run, we adjusted our
experimental design based on what we
learned. We took the blended gametophytes
and added them to a spray bottle with the
same nutrients and sterilized seawater as
before. Instead of slides, we took rocks from
a beach, rinsed them three times in fresh

water, and placed them into two plastic

containers with solid sides and an open top.
We initially had planned to use porous
containers, but chose solid containers
instead to reduce disruption from water
flow, with the plan of transferring the rocks
once growth had been established. The
gametophyte mixture was then sprayed

equally onto the rocks.

Figure 1. Finn, Ella and Isla spraying the
gametophyte mixture onto the rocks.

The containers were placed into two
30 umol photon red light incubators and
grown at temperatures of 10 °C and 15 °C
for four weeks. Our goal was to allow the
gametophytes to solidly attach to the rocks
in the incubator before adding them to the

more disruptive aquarium environment.



Figure 2. Isla and Clay Steel adding seeded
gametophytes to the red light incubator.
After their growth in the incubator,
we transferred the containers to our
aquarium. We slowly filled the containers
with water from the aquarium, then carefully
placed them in our full aquarium at the far

end, away from the pump.

Figure 3. Ella adding water to the

gametophyte containers.

The tank was then covered by a sheet
of plexiglass, and white grow lights were
placed on top on a 12-hour timer using
90u/mol photon light to simulate natural
light cycles. We allowed for two weeks of
growth before we removed a sample rock
from both the 10°C and 15°C containers and
measured the growth under a microscope.
From there, we measured the kelp growth at
one-week intervals for four weeks.
Unfortunately, after four weeks of assumed
growth, we discovered that our kelp had
been unable to grow and that diatoms had

grown in its place.

Figure 4. Seeded rocks with gametophytes,
the left container was incubated at 10°C and

the right container at 15°C.



Results:

Unfortunately, our experiment was
unsuccessful as the giant kelp gametophytes
were unable to withstand our growing
environment. We came to this unfortunate
conclusion during week four when we
pulled one rock from both batch one and two
and found no gametophytes, only a large
number of diatoms. The first batch grew
enough diatoms to cover the rocks

completely; the second batch grew none.

Figure 5. Rocks overgrown with diatoms.

Figure 6. Microscope slide showing
gametophyte growth, but no sporophyte

growth.

Figure 7. Overgrowth of diatoms on rocks.



Upon completion of our test run,
which was also unsuccessful, we made
many changes to our methods and hoped the
results would be different. From the data we
collected, we now believe the force of the
water flow in the tank may have been our

biggest source of error.

Discussion:

After studying our results, we are
fairly certain that the turbidity of our
growing tank dislodged the gametophytes
from the slides and gravel, stopping them
from properly anchoring themselves. Other
potential causes include temperature, water
purity, and nutrition. We are fairly certain
these were not the primary issue, because we
based our tanks' climate and nutrition on
other successful studies (Simonson et al.,
2015; Harden et al., 2024).

Our best hypothesis of the cause of
the failure in our experiment was our high
level of turbidity. Giant kelp gametophytes

are very vulnerable to their environment

(Harden et al., 2024). One giant kelp
sporophyte releases billions of
gametophytes, and out of these billions, very
few survive to the sporophyte stage,
sometimes none. Because of their inherent
fragility, very small changes to their
environment can be detrimental. The
turbidity of our aquarium was higher and
more powerful than expected, and pushed
away all the gametophytes placed to grow
before they could anchor properly, even
after seeding them first in an incubator.
Scientists working alongside Blue
Future Kelp are currently testing a
gametophyte glue that will prevent this issue
by securing gametophytes to their growth
sites without causing turbidity. This
‘gameto-glue’ is still in the testing stages,
though if we had been able to use the
upcoming product, we hoped the
gametophytes would have stuck and grown
into the small kelp blades we had originally

planned for. Other solutions for the issue



could have been negatively charged algae
being inside the tank, positively charged
slides, or Poly-L-Lysine-coated slides for
adhesion (BlueStar, 2025). In real life,
climate change has affected turbidity levels
in oceans and other water sources through
increased storm frequency, coastal
disturbances, and runoff and sediment from
melting glaciers and mountains (Mi et al.,
2019). These water increases cause a rise in
turbidity, and mimics how our experiment
can happen naturally without human fault in
the wild. Another potential cause of failure
could have been diatoms outcompeting the
kelp gametophytes. In both our aquarium
and the wild, kelp gametophytes have to
compete with other organisms, such as
diatoms and bacteria, to get the nutrients
they need to survive and grow (National
Library of Medicine, 2013). We believe that
we did not have enough controlled variables

within the environment of our aquarium,

which led to the growth of unwanted
species.

If we were to run this experiment
again, we would dampen water flow, allow
the gametophytes more time to anchor
themselves, and use a higher ratio of
gametophytes to water. Additionally, the
water we used for our experiment was not
sterilized. Sterilizing the water for the test
run was extremely labour-intensive. If we
were to run this experiment again and
wanted to use sterilized water, we would
have to come up with a more streamlined
solution.

The decline in kelp forests is a
worldwide issue, affecting countless people,
but we believe these negative impacts may
be disproportionately affecting indigenous
First Nations. Kelp forests are vital food
sources for many West Coast First Nations
groups, including the Coast Salish, Haida,
and Nuu-cha-nulth. The First Nations of

Vancouver Island have deep historic and



spiritual ties to these forests. The decline of
Giant and Bull kelp is destroying
ecosystems and food sources that these
Indigenous Peoples have stewarded for
thousands of years. Many First Nations are
contributing to the research and restoration
of kelp forests in BC, working in partnership
with Oceanwise and other nonprofits. As
climate change continues, this research will

become increasingly important.

Conclusion:

Although we were unable to grow kelp, our
negative results are still of value as we
learned several methods and overcame many
challenges associated with culturing giant
kelp gametophytes in a controlled
environment. Throughout our experiment,
we discovered several new ways of doing
research, identified our strengths and
passions, and developed relationships with
scientists like Clay Steell, a local biologist
who works in applied kelp restoration

science through Blue Futures Kelp.
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Trait — Environment Relationships and Morphological Variation in the Endemic
Andean catfish Trichomycterus bogotensis (Eigenman,1912)

Tabatha Samatha Echevarreneta Goldar, Alegria Gutiérrez Perdomo, Esther Sofia Vargas Lombana, Sara
Aranzélez De la Hoz, Isabel Acosta Jiménez, Luciana Rodriguez Gonzalez.

Colegio Claustro Moderno, Colombia, paolak@clasutromoderno.edu.co

Abstract

Freshwater ecosystems are essential for sustaining
biodiversity, particularly within the Andean highlands of
Colombia. The water bodies of the Zarauz estate, located on
the Cundiboyacense high plateau, support populations of
Trichomycterus bogotensis, an endemic freshwater catfish
locally known as the “Capitan enano de la Sabana.” Given
its restricted geographic distribution and the limited
scientific data available, this species may be particularly
vulnerable to environmental changes and habitat
disturbances.

This study examines the relationship between the dietary
preferences, environment, and the distribution of biological
traits of T. bogotensis to better understand its ecology and
population status. We conducted environmental monitoring
and collected biological data, using a mixed methodology
approach, allowing for more robust inferences and the
examination of the data from multiple perspectives [1],
including passive sampling methods, morphometric
measurements (standard length and weight), coloration
patterns, and morphological features such as pelvic fin
presence.

By exploring the interaction between the distribution and
species traits, this research identifies optimal habitat
conditions for the necessary study for its persistence. The
inclusion of a trait-environment relationship provides a
critical baseline for future ichthyological studies and
conservation strategies for endemic freshwater biodiversity
in the Colombian Andes.

Keywords

Catfish, endemic, water bodies, Cundiboyacense high
plateau, Trichomycterus bogotensis

Introduction

Endemic species are a fundamental component of global
biodiversity, as their restricted geographic distribution
reflects specific ecological conditions and unique
evolutionary processes. For instance, water bodies of the
Cundiboyacense high plateau are inhabited by various

endemic species; however, the lack of scientific information
available puts the species in danger and makes them
particularly susceptible to environmental changes and
habitat disturbances[2]. For this reason, the objective of this
project is to examine the biological characteristics of the
freshwater catfish T. bogotensis located in Zaraus estate
with the purpose of contributing scientific knowledge about
its ecology and current state.

Environmental monitoring was carried out by analyzing the
species, taking into account the factors and characteristics
specific to it, such as coloration patterns and morphometric
measurements. Furthermore, sampling was performed using
both passive and active sampling methods, including traps
and baits, as well as fishing nets, to capture specimens,
which, according to Herrera Solano [3], is the simplest and
most effective method. Moreover, as noted above, the
importance of this study pertains to the conservation of
species classified as endangered, threatened, or of special
concern, which requires careful consideration [4].

Through the morphometric characterization, it is possible to
infer potential distributions in the water column, providing
a clearer understanding of how T. bogotensis interacts with
and adapts to the various states of the water column, which
is essential to ensure the proper conservation of the
ecosystems and microecosystems of the Colombian Andes.

Context

South America’s aquatic ecosystems have specific
characteristics that allow them to house the most diverse
fish faunas on the Earth and to have the highest diversity of
any region of comparable area, therefore it is essential to
develop strategies to conserve habitats against all the threats
to which they are exposed and put them at risk of extinction

(3]

The created physical barriers that divided fish populations.
This separation halted gene flow, leading to the independent
evolution of extinct biodiversity hotspots, functioning like
natural laboratories, fostering the evolution of new, isolated
life forms [6]

The tropical Andes are a treasure of global biodiversity,
specifically, the diversity of ichthyofauna, thanks to its
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extended riverine area, and altltudlnal and latitudinal
factors, which also favor the high estimated rate of
endemism. Therefore, it is important to study these under-
researched areas and endemic species characteristics to
understand the relationship between them. [7]

There is an important relationship between the size of the
water bodies and the diversity present there. For instance, in
larger and isolated basins, extinction rates tend to be lower,
and there's ample room for new species to evolve, which
means these basins and also tropical areas in general, thanks
to their long history of climate stability, boast a higher
proportion of endemic species.[8]

The Colombian Andean Region has a large biodiversity;
nevertheless, there are not many studies or documents about
the Andean fish fauna. This is why it is highly important to
develop ichthyological inventories that allow us to study the
spatial distribution of the biological elements involved and
other systematic or genetic studies of specific species, and
according to this study, there are many methods to capture
species to develop them. [9]

The purpose of the investigation

This research was conducted in a freshwater body with
lentic and lotic microenvironments at Claustro Moderno
school located in the eastern mountain range in Bogota,
Colombia, with the purpose of leaving a record of this
endemic species located in an ecosystem characterized by a
sandy substrate and freshwater vegetation, and surrounded
by a nearby construction of artificial waterfalls that alters
the water flow.

Furthermore, this study seeks to contribute to regional
ichthyological scientific knowledge regarding the ecology
and population status of T. bogotensis and provide an
approach that aims to contribute to future conservation
efforts. As well as to raise awareness in the community
about the importance of caring for water bodies as a home
for endemic species.

Method of the investigation

Study area

The study was carried out in a natural freshwater source
located in Bogota, Colombia (Fig. 1). This area belongs to
the Bogota savannah, which is characterized by a high-
mountain climate with temperatures ranging from 10 to 18
°C. The substrate is mainly sand and, in some areas, covered
with organic matter such as bark fragments, together with
small aquatic plants (Fig. 2). This site is surrounded by
secondary high- Andean forest. However, the margins of the
aquatic ecosystem, although it is a natural freshwater body,
it is currently exposed to anthropogenic disturbance.
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Figure 2: Zarauz stated. Marked points indicate specimen
collection sites.

Figure 3: A) Sampling site. B) Active collection site. C) General
aspect of source - collection site.

Data collection

Specimens analyzed in this study were collected through
fishing activities conducted in the freshwater system.
During the sampling process, each specimen was
photographed from the dorsal view using a Canon EOS
600D (T3i) digital camera. A graduated ruler was
incorporated as a scale reference in all images, and each
specimen was assigned a unique identification code.

Additionally, morphometrics measurements were taken for
each individual using a handmade ichthyometer, following
scientific standardization. Finally, coloration patterns were
also recorded using a standardized categorical classification
system for consistent description and comparison among

individuals.
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Methodology

Sampling Design

The methodology was designed to characterize the meristic
and morphometric traits of T. bogotensis through
standardized field and laboratory procedures. Sampling was
conducted to obtain representative specimens by
systematically exploring two available microhabitats. A
combination of active and passive sampling techniques was
used.

Active sampling involved the hand, where the substrate was
disturbed upstream to dislodge organisms that were carried
by the current into the net. In low-flow conditions, manual
collection of substrates such as stones and branches was
also performed as shown in Fig. 2.

Passive sampling included baited traps using two bait types
(liver and dough of flour and egg), which showed
differences in capture efficiency and selectivity. Sampling
sites were classified according to flow type as low (L),
moderate (M), or high (H).

Specimen Processing

Collected specimens were processed in white trays under
adequate lighting and handled with fine forceps. Each
individual was recorded according to color pattern, maturity
stage (approximated in relation to its size), and sampling
site (Fig. 4)

Figure 4: Specimen processing of T. bogotensis captured at
Zarauz Farm, Bogota, Colombia. (A) Capture of specimens; B)
Dorsal, ventral and lateral photography of specimens; C)
Morphometric measurement of a specimen. (D) Release into the
sampling site.

Figure 4 shows the sampling site, representing the capture
method used during fieldwork, consisting of a trap
positioned within the water current of passive and active
forms, using a fishing net. Representative individuals were
photographed during the process to establish a reference
record for morphological analysis and specimen
documentation.. Together, these images summarize the

Research Report Guidelines

main stages of specimen collection, handling, and biometric
evaluation carried out during the study.

Coloration patterns were classified using a standardized
coding system: U (uniform), S (spotted), B (banded), M
(mottled), and C (camouflage). Sex was recorded as U
(unknown), providing a basic approach to the population
structure analysis of the sampling sites (Fig. 5)

1

Figure 5: Collaboration pattern. A) Spotted; B) Mottled; C)
Camouflage; D) Uniform; E) Bands

Morphometric and Meristic Analysis

Morphometric ~ measurements  followed  standard
ichthyological protocols (Fig. 6). General body
measurements included total length (TL), measured from
the tip of the snout to the end of the caudal fin; standard
length (SL), from the snout to the base of the caudal fin;
head length (HL); head width (HW); and caudal peduncle
length (CPL) as viewed in Fig. 6.

The obtained measurements showed variation among
individuals and sampling events. Total length (TL) ranged
approximately from 2.5 cm to 9 cm, while standard length
(SL) varied between 1.6 cm and 7 cm. Head length (HL)
ranged from about 0.4 cm to 2 cm, and head width (HW)
from 0.6 cm to 1 cm. Body height (BH) showed values
between 0.4 cm and 0.8 cm, and body width (BW) between
0.2 cm and 0.8 cm. These variations reflect differences in
size, developmental stage, and possibly environmental
conditions across sampling sites with different flow caudal
water.

Figure 6: Anatomy of T. bogotensis. Illustration: Alegria
Gutierrez, technique: Analog drawing. Part 1: Morphology: A)
Eye; B) Barbel; C) Opercle; D) Pectoral fin; E) Pelvic fin; F)Anal
fin; G) Caudal fin; H) Dorsal fin; Additionally, included the
morphometric measurements: I) Total Length; J) Standard
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Length; K) Head Length; L) Head Width; M) Body Width; N)
Barbel Length.

Data Analysis

From a qualitative perspective, the study focused on
identifying specimens to the lowest possible
taxonomic level, enabling the description of species
presence, morphological variation, and assemblage
composition. However, this approach is limited for
comparisons between sites because it does not include
standardized abundance data.

Therefore, a quantitative approach was also applied,
counting individuals and relating them to sampling
effort (area or time), which improves comparability
and reduces variability. Additionally, semi-
quantitative categories (abundant, frequent, scarce)
were used when exact counts were not feasible.

Together, the integration of qualitative, quantitative,
and semi-quantitative methods, along with
standardized coding systems and detailed
morphometric measurements, provided a robust
framework for analyzing population patterns, habitat
associations, and  environmental  conditions,
supporting ecological assessment and monitoring.

Results of the experiment

Descriptive statistics

Total length ranged from 2.3 cm to 9.0 cm, with an
average value of 6.21 cm. Weight values ranged
between 0.2 g and 5.0 g, with an average of 2.43 g.
The data revealed a positive relationship between total
length and body weight. Larger individuals exhibited
greater body mass, indicating possible proportional
growth patterns (Table 1 and Table 2)

Table 1: Descriptive statistics of morphometric variables

Variable Minumum Maximum Mean = SD
Total length (cm) %3 9 6.21+2 38
Standard length (cm) 1.6 7 4.42+1.83
Head length (cm) 0.4 s 1.03+0.46
Weight (g) 0,2 5 2.43+1.65
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Table 2: Relationship Between Total Length and Weigh.

Relationship Between Total Length and Weight in Individuals of
Trichomycterus bogotensis captured at Zarauz Estate, Bogota.
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Sampling yielded a representative set of T. bogotensis
individuals, allowing both qualitative and quantitative
analyses. Although the sample size was limited, the
collected data provided important information
regarding the morphology and ecological distribution
of the species.

Morphometric  analysis  revealed  consistent
proportional relationships among individuals. Total
length (TL) ranged from 2.3 cm to 9 cm, with an
average of 6.21 cm, while standard length (SL) varied
between 1.6 cm and 7 cm. Body weight (W) ranged
from 0.2 g to 5.0 g, with a mean value of 2.43 g. Head
length (HL) ranged from 0.4 cm to 2 cm, indicating
relative stability in cephalic proportions(Table 3),
which  showed low variability, suggesting
morphological consistency within the sampled
population. Slight increases in body robustness and fin
dimensions were observed in larger individuals.

Table 3: Comparison of relationships in the measurements
obtained.
Morphometric relationship between standard length (SL), head length

(HL), and head width (HW) in individuals of Trichomycterus bogotensis
captured at Zarauz Estate, Bogota.
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Histogram display of Total Length in Individuals of Trichomycterus
bogotensis captured at Zarauz Estate, Bogota.
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Meristic traits remained within expected ranges for the
species, with minor intraspecific variation.

From a qualitative perspective, coloration patterns varied
among individuals; the most frequent pattern was mottled
(M), followed by spotted (S) and camouflage (C), whereas
uniform (U) and banded (B) patterns were less common.
These variations appear to be associated with substrate
composition and environmental conditions, suggesting
adaptive coloration linked to habitat characteristics (Table
4).

Table 4: Frequency coloration patterns captured at the Zarauz
Estate, Bogota

Frequency coloration patterns capturated at the Zarauz Estate. Bogota

; .

OUniform [OSpotted MBands MMottled W Camaouflage

Different coloration patterns may be associated with
substrate composition and cryptic adaptation strategies that
reduce predation risk in benthic habitats. (Table 5). Among
the captured specimens of T. bogotensis, five different
coloration patterns were identified. The spotted pattern was
the most commonly observed, representing 38.5% of the
total organisms analyzed. Uniform and mottled patterns
were also frequently recorded, each corresponding to 23.1%
of the sampled individuals. In contrast, banded and
camouflage patterns presented the lowest frequencies, with
only 7.7% each (Figure 4). These results suggest the
presence of noticeable chromatic variability within the
studied population, which may be associated with
adaptation to the rocky substrates and environmental
conditions of the aquatic ecosystem where the organisms
were collected.

Table 5: Relationships of the relative frequency of coloring
patterns

COLORATION PATTERNS

Meaning Frequency Relative Frequency %
Uniform 3 23,08
Spotted 5 38,46
Bands 1 7,69
Mottled 3 23,08
Camaouflage 1 7,69

Qualitatively, capture efficiency differed according to
the sampling method and bait type. Active sampling
accounted for the majority of captures across different
microhabitats. Passive sampling using baited traps
showed differential selectivity: liver bait captured 0
individuals, whereas dough of flour-egg bait captured
1 individual. This method proved to be less effective
due to the location and the bait.

The marked size disparity between habitats, where
lentic specimens were significantly larger and heavier
than those from Iotic systems, suggests that
environmental energy dynamics and habitat structure
directly influence the phenotypic expression and age
distribution of the population. These findings indicate
that, while T. bogotensis maintains morphological
consistency, its ecological distribution is sensitive to
local environmental conditions and biological fitness.

Overall, the integration of qualitative, quantitative,
and  morphometric  analyses  indicates a
morphologically consistent population of T.
bogotensis, with ecological variation influenced by
habitat type, environmental conditions, and sampling
strategy.

Conclusion

This study provides a preliminary characterization of
the endemic Andean catfish T. bogotensis through the
integration of morphometric, meristic, qualitative, and
quantitative analyses. The results showed that the
species presents relatively stable morphological
proportions despite variations in body size among
individuals, suggesting morphological consistency
within the sampled population.

Coloration patterns varied among individuals, with
mottled and spotted patterns being the most frequent.
These patterns appear to be associated with substrate
composition and  environmental complexity,
supporting the idea that coloration may function as an
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adaptive mechanism for camouflage and predator
avoidance. Additionally, the higher efficiency of
active sampling methods and the differential
selectivity observed between bait types demonstrate
the importance of combining multiple sampling
strategies when studying freshwater fish assemblages.

These ecosystems are being threatened, which is why
we should raise awareness of what the exploitation of
these environments entails, which are key to
maintaining the life of endemic species like the T.
bogotensis. Most of the solutions for environmental
problems start from their own knowledge; for this
reason, it is important to continue with the deep
searching and  propagation, carrying out
environmental monitoring and methodologies that can
help conserve these resources and species.
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Abstract

Tourism on Curagao has grown significantly in recent
years, leading to increasing pressure on the water supply
and the marine environment. This study analyzes the
consequences of this growth for both the availability of
drinking water and the quality of coastal and marine
ecosystems. Curagao naturally faces structural water
scarcity due to a semi-arid climate, limited soil storage,
and the virtual absence of natural freshwater sources. As a
result, the island is entirely dependent on the desalination
of seawater via reverse osmosis, an energy-intensive
process that contributes to CO- emissions and local
environmental impacts through the discharge of salt
residue (brine). Additionally, inadequate wastewater
treatment constitutes a serious environmental problem: a
large proportion of wastewater is discharged untreated or
insufficiently treated, leading to eutrophication, harmful
algal blooms, oxygen depletion, and the spread of
pathogens and toxic substances in coastal waters. These
processes affect marine ecosystems, including coral reefs
and seagrass beds. The health status of green sea turtles,
particularly the increasing prevalence of
fibropapillomatosis, is used as an ecological indicator of
long-term environmental stress. The results demonstrate
that the current growth of tourism exceeds Curagao's
ecological carrying capacity and emphasize the need for
integrated and sustainable water and tourism policies to
prevent further environmental degradation.

Research themes

* Tourism growth and ecological carrying capacity on
Curagao.

» Structural water scarcity and drinking water supply.
* Seawater desalination and energy consumption.
» Wastewater treatment and water pollution.

* Consequences for marine ecosystems and indicator
Introduction

species.
*
In recent years, tourism on Curagao L

has been growing at an unprecedented pace. Month after
month, media and social platforms report on new records
in the number of overnight tourists and cruise passengers.
In 2025, the island received more than 1.7 million visitors,
a 9 percent increase compared to the previous year, while
Curagao itself has only approximately 150,000 inhabitants
and a surface area of 444 km?.

This strong growth raises a fundamental question: can a
small, dry island bear this increasing pressure?

Curagao naturally suffers from structural water scarcity
due to the warm, dry climate and the virtual absence of
natural freshwater sources. At the same time, the growth of
tourism is leading to a sharply increasing demand for
drinking water and greater wastewater production,

particularly in coastal areas where hotels, resorts, and
recreational facilities are concentrated. This article
examines the consequences of the explosive growth of
tourism for water on and around Curagao. It looks at the
drinking water supply and the dependence on desalination,
the treatment and discharge of wastewater, the role of
geology and erosion, and the effects on the marine
ecosystem. By considering these factors in conjunction,
insight is gained into the ecological vulnerability of the
island and the limits of sustainable tourism on Curagao.

1. Water scarcity and dependence on
desalination

Curagao experiences structural water scarcity as a result of
a confluence of climatic, geological, and hydrological
factors. The island possesses virtually no natural
freshwater sources such as rivers, lakes, or permanent
streams. This absence is directly related to the geological
structure of the island and the dry climate.

The climate of Curagao is semi-arid, with an average
annual rainfall of approximately 400—600 mm. This
rainfall occurs primarily during a short rainy season
between October and December. Outside this period,
prolonged drought, high temperatures, and constant trade
winds dominate. Potential evaporation is high and exceeds
the amount of precipitation in many years, meaning that
rainwater remains available for hardly any long periods.

Rain often falls in short, heavy showers. Due to the
topography and limited vegetation cover, water flows
rapidly to the surface via ditches towards the sea. This
rapid runoff limits infiltration into the soil and intensifies
erosion processes. As a result, structural groundwater
replenishment remains minimal. The geological structure
of Curacao plays a central role in this issue. The island
consists largely of limestone deposits and older volcanic
rocks such as basalt and diabase. Limestone is porous and
crisscrossed by cracks and karst structures, allowing water
to flow away quickly towards the sea instead of being
stored in aquifers. Volcanic rock, on the other hand, is
hard and poorly permeable, meaning that infiltration
hardly occurs.

The topsoil layer on Curagao is often thin, calcareous, and
stony. As a result, the soil's water retention capacity is low.
Rainwater is barely retained and runs off quickly, taking
soil particles with it. This leads to further soil depletion
and intensifies erosion.

Moreover, the limited groundwater that forms is of poor
quality. Due to the proximity of the sea and the limited
recharge, saltwater intrusion occurs. Seawater penetrates
the subsurface and increases the chloride content of the
groundwater. Measurements show that salt concentrations
in many wells are barely lower than those of seawater.
High evaporation exacerbates this process, as salts remain
behind when water evaporates.



Human interventions have further increased these natural
limitations. Deforestation, agriculture, and urbanization
have led to soil compaction and loss of vegetation, causing
infiltration to decrease further. Although dams and
reservoirs have been constructed over time to temporarily
store rainwater, their effectiveness is limited by high
evaporation, low storage capacity, and quality issues such
as algal blooms and sedimentation.

Due to this combination of factors, Curacao has been
entirely dependent on seawater desalination for its
drinking water supply since the beginning of the twentieth
century. The first desalination plant was built as early as
1928, establishing a structural dependency on
technological water production.

Fig. 1: Seawater intake points

2 Operation of reverse osmosis

Reverse osmosis is a desalination technique in which
saline or brackish water is forced under high pressure
through a semi-permeable membrane. Normally, water
would move from a low to a high salt concentration
through osmosis, but by applying external pressure, this
process is reversed. The membrane allows water molecules
to pass through, while salts, metals, and other dissolved
substances are largely retained.
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Fig. 2: Schematic diagram of the desalination process
using Reverse Osmosis, from seawater intake to freshwater
production and brine discharge.

The result is a separation into two water streams. The first
stream consists of desalinated water suitable for
consumption and distribution as drinking water. The
second stream is a concentrated residual product, the saline
residue or brine. This residue contains not only a high salt
concentration but also traces of heavy metals and chemical
substances resulting from membrane wear and periodic
cleaning of the installations.

Generating the necessary pressure requires powerful
pumps, making reverse 0smosis an energy-intensive

process. On Curagao, desalination via reverse osmosis
forms the primary source of drinking water. Aqualectra's
modern installations provide the majority of the
population, particularly in and around Willemstad, with
reliable drinking water. This strong dependency makes the
water supply vulnerable to disruptions in power supply and
infrastructure.

2.1 Salt residue and ecological effects

The salt residue contains not only high salt concentrations
but also traces of heavy metals and chemical cleaning
agents originating from the desalination process. When
discharged into the sea, this leads to a local increase in salt
content. Research at desalination plants in the United Arab
Emirates, among others, shows an average increase of
approximately 5 ppt around discharge points.

Increased salinity reduces the amount of dissolved oxygen
in the water. This process, salting out, occurs because ions

Fig. 3 : Pressure vessels and piping systems within a
desalination plant on Curagao.

2.2 Energy consumption and CO: emissions

The desalination plants on Curagao produce approximately
40,000 m? of drinking water daily. The average energy
consumption is approximately 3.9 kWh per cubic meter,
which amounts to about 156,000 kWh per day. About 50
percent of this energy is sustainably generated; the
remainder comes mainly from fossil fuel-fired power
plants.

The combustion of diesel results in an emission of
approximately 74.1 tonnes of CO: per terajoule. Taking
into account an average efficiency of 37 percent, the daily
energy consumption amounts to approximately 2.1 x 107
kWh, resulting in an emission of approximately 56.2
tonnes of CO: per day, or about 21,000 tonnes of CO: per
year.

2.3 Effects of CO: on the Marine
Environment

CO: emissions contribute to climate change and directly
affect the marine ecosystem. Higher concentrations of CO-
lead to warming of seawater, causing coral bleaching as
corals lose their symbiotic algae. Additionally, CO2
dissolves in seawater, leading to acidification. The
decrease in pH hinders calcification in corals and shellfish
and weakens reef structures.

Because of Curagao’s great potential for solar and wind
energy these problems can (partially)be resolved in the
future.



These processes increase the vulnerability of marine
ecosystems to erosion, storm damage, and biodiversity
loss.

3 Wastewater issues on Curacao

Fig. 4. geographical location of the waste water treatment
plants on Curagao.

In addition to desalination, wastewater constitutes a
structural and growing source of environmental pressure
on Curacao. In 2018, only 16 percent of the produced
wastewater was actually treated. Approximately 84 percent
was discharged untreated into the terrestrial and marine
environment. Only about 33 percent of the population is
connected to the central sewage system. As a result, a large
proportion of domestic and tourist wastewater reaches the
environment without adequate treatment.

Furthermore, wastewater treatment plants process only
about 50 percent of the wastewater supplied via the sewer
system. The treated effluent is primarily used for
irrigation, while a significant portion still ends up in the
sea. The limited treatment capacity thus constitutes a
structural bottleneck in water management on the island.

In areas without a sewer connection, cesspools and septic
systems are widespread. These systems are often outdated,
leak, and are inadequately monitored. Consequently,
wastewater can infiltrate the soil and groundwater
unhindered. In some cases, the contents of cesspools are
transported by truck, but there are also situations where
wastewater is discharged directly into the sea. This
significantly increases the burden on coastal waters.

Sewage contains high concentrations of nitrogen,
phosphate, bacteria, and organic material. Due to
Curagao's porous limestone soil, polluted water can sink
into the subsurface relatively quickly and invisibly. As a
result, pollution often remains undetected for a long time,
while the effects only manifest themselves later in coastal
waters and marine ecosystems.

3.1 Spread of pollutants via groundwater and
surface water

In addition to wastewater, erosion and sediment transport
play a significant role in the spread of pollution towards
the coast. During heavy rainfall, water washes over bare
and degraded soils, carrying along soil particles, nutrients,
and pollutants. This runoff reaches the sea directly via
ditches and drainage channels.

Furthermore, the porous limestone soil enables the
underground spread of pollution. Research has shown
elevated concentrations of nitrogen and phosphate in the
groundwater, indicating long-term leakage of wastewater
into the subsurface. Due to the natural slope of the
groundwater system, this polluted water flows slowly
towards the coast.

When groundwater reaches the sea, it does so through a
process known as submarine groundwater discharge, in
which groundwater flows beneath the seabed and enters
coastal waters directly. As a result, pollution can appear in
locations far removed from the original source.

Tides strongly influence these processes. During low tide,
sea pressure decreases, allowing more polluted
groundwater to move towards the sea. Measurements show
that higher nutrient concentrations are observed in coastal
waters specifically during low tide. During high tide, this
outflow is temporarily slowed down.

Surface water currents and prevailing northeasterly trade
winds ensure further dispersion along the coast. Enclosed
or semi-enclosed bays, such as Piscadera and the Spanish
Water, are particularly vulnerable. Limited water
circulation here leads to the accumulation of sediment,
nutrients, and other waste materials.

3.2 Consequences for marine ecosystems

Wastewater has far-reaching consequences for marine
ecosystems around Curagao. Nutrients such as nitrogen
and phosphate cause eutrophication, leading to harmful
algal blooms. These algae reduce light penetration,
suffocate corals and seagrass, and lower the amount of
dissolved oxygen in the water. Furthermore, feces in
wastewater increase biochemical oxygen demand, creating
oxygen-poor zones in which many organisms cannot
survive.

=

Fig 5: eutrophication

Wastewater also constitutes a major source of pathogens.
Bacteria, viruses, parasites, and protozoa end up in the sea
via discharges. Escherichia coli is used as an indicator of
fecal contamination and is often found in excessively high
concentrations, even in treated wastewater. Although this
bacterium primarily poses risks to human health, marine
mammals such as bottlenose dolphins can become infected
with other resistant shared bacteria, such as MRSA.

Viral transmission via wastewater is also relevant.
Although viruses are usually species-specific, coronavirus-
like infections have been detected in marine mammals,
demonstrating that transmission from polluted water is



possible. Parasites and protozoa pose an additional threat
to fish and marine mammals. Cryptocaryon irritans, the
causative agent of White Spot Disease, can cause fish
mortality. Protozoa such as Cryptosporidium spp. and
Toxoplasma gondii can infect both humans and marine
organisms and reach coastal waters via wastewater, among
other means.

Table A

Influent design parameters of wastewater treatment plant
Klein Hofje combined with the effluent quality (June -
November 2018) of wastewater treatment plant Klein
Hofje to determine the specific treatment efficiency. [107]

| Parameter Influent Value ~ Effluent Value ~ Unit efficiency |
(0D 350 1016 mg/l  7097%
BOD 870 41 mg/l  95.05%
Kjeldahl ~ Nitro- 170 404 mg/l  727%
gen
195 1040 121 mg/l  98.84%
Ammonium Not specified 255 mg/l -
(NH;)
Chloride (CI") ~ Not specified ~ 196.6 mg/l
E-coli Notspecified ~ >1000CFU/100 mg/l -
EC Not specified 13418 pS/em -
pH 6.5 73 .

Table B

Requirements for Wastewater Treatment Outflow
Parameter Value Unit
Chemical Oxygen Demand <100 mg/l
(COD)
Biological Oxygen Demand <30 mg/l
(BOD)
Kjeldahl Nitrogen <40 mg/l <40 mg/l
Total Suspended Solids (TSS) | <100 mg/l
Ammonium (NH+4) <40 mg/l
Chloride (Cl—) <250 mg/l <250 mg/l
E-coli <I1000CFU/ | mg/l

100

Electric Conductivity (EC) <2250 wS/cm
pH 6-8.5 -

CFU = colony-forming unit. [107]

Chemical pollution exacerbates these effects. Oils and fats
constitute approximately 10 percent of wastewater and
cause suffocation, toxicity, and long-term pollution. They
reduce the amount of dissolved oxygen and increase
oxygen consumption in the water. Heavy metals such as
mercury, cadmium, lead, chromium, and copper do not
break down, accumulate in organisms, and affect the
growth, reproduction, respiration, and immune systems of
fish. This disrupts the food web. In addition, persistent
chemical and organic substances occur, including
polycyclic aromatic hydrocarbons, polychlorinated
biphenyls, dioxins, and furans. These substances are highly
toxic, bioaccumulative, and disrupt hormonal processes.
Organic solvents and volatile organic compounds are also
widespread. Research shows that solvents, in particular,
are harmful and sometimes fatal to reef coral due to

oxidative stress, disruption of cell membranes, and
increased turbidity.

Changes in pH and electrical conductivity constitute an
additional stress factor. A decreased pH inhibits
calcification in corals and shellfish, while an increased pH
and conductivity stimulate biological activity and algal
blooms. Together, these processes lead to a deterioration
of habitat quality and a decline in biodiversity.
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Fig 6: bioaccumulation

3.3 Tourism and additional environmental
pressure

Tourism on Curagao has increased significantly. In 2024
and 2025, approximately 700,000 tourists visited the island
annually by plane and about 800,000 by cruise ship. This
growth has led to higher wastewater production,
particularly in coastal areas with a high concentration of
hotels, resorts, and recreational facilities.

The existing wastewater treatment capacity is already
insufficient for the habitants of Curagao, and the tourism
industry is adding an increased pressure to this system.
This leads to the increase in the local accumulation of
nutrients and pollutants.

4 Sea turtles as ecological indicators

Sea turtles play a key role within marine ecosystems and
are considered important indicator species for the quality
of the marine environment. In particular, the green sea
turtle (Chelonia mydas) plays a regulatory role through its
grazing behavior on seagrass beds. By grazing regularly,
green sea turtles prevent seagrass and algae from
becoming overgrown. This keeps seagrass beds
productive, oxygen-rich, and ecologically stable. Healthy
seagrass beds, in turn, form an important habitat and
nursery for numerous fish species and invertebrates.

When green sea turtles decline in numbers or are in
reduced health, this has direct consequences for the
ecosystem. Seagrass beds can then become overgrown, die
off, or lose their ecological function. The health status of
green sea turtles is therefore used as a gauge for long-term
environmental stress in coastal waters.

4.1 Fibropapillomatosis in green sea turtles

In recent years, green sea turtles with fibropapillomatosis
have been found with increasing frequency in the waters
around Curagao. This disease is characterized by the



formation of external and internal tumors, which can
develop around the eyes, mouth, fins, and within organs.
The tumors can severely impair vision, locomotion, and
food intake, and often lead to death in advanced stages.

Fig 7: Fibropapillomatosis

Fibropapillomatosis is strongly associated worldwide with
infection by the Chelonid alphaherpesvirus 5. This virus is
considered a necessary condition for the onset of the
disease. However, not every infected turtle develops
tumors, suggesting that additional environmental factors
play a significant role. The disease is therefore considered
multifactorial.

4.2 Wastewater and environmental stress as
exacerbating factors

Scientific studies show that fibropapillomatosis is most
prevalent in coastal areas with high human pressure and
reduced water quality. Wastewater discharges introduce
large quantities of nutrients, heavy metals, and persistent
organic pollutants into the sea. Nutrients such as nitrogen
and phosphate cause eutrophication and algal blooms. This
algal bloom can be accompanied by the production of
biotoxins, which cause chronic inflammation and oxidative
stress. These processes are known to promote tumors and
can amplify the effects of an existing viral infection.

Heavy metals such as copper, zinc, cadmium, nickel, lead,
and arsenic reach coastal waters via sewage, urban runoff,
industrial activities, and shipping. These metals do not
break down and can accumulate in sea turtles. Exposure to
metals has been linked to immune system disruption and
increased oxidative stress, making turtles less able to
suppress viral infections.

In addition, persistent organic pollutants and per- and
polyfluoralkyl substances play a role. These substances are
bioaccumulative and weaken the immune system upon
prolonged exposure. Although they are often not found in
acutely toxic concentrations, they contribute to chronic
environmental stress.

4.3 Local situation around Curacao

Local observations and studies around Curagao describe
fibropapillomatosis as the result of prolonged
environmental pollution. Heavy metals such as copper,
zinc, cadmium, nickel, and arsenic are explicitly
mentioned as problematic substances in coastal waters.
Additionally, the presence of Sargassum seaweed plays a
role, as this seaweed can absorb metals and, upon
decomposition, can further deteriorate water quality.

Temperature is also mentioned as an influencing factor.
Higher water temperatures increase both viral activity and
physiological stress in turtles. In Caracas Bay, an area with

high human pressure due to tourism, shipping, and coastal
development, fibropapillomatosis was diagnosed in five of
the eight green sea turtles examined. Comparable
quantitative data is lacking for other bays around Curagao,
indicating a clear lack of knowledge.

5 Conclusion

The explosive growth of tourism on Curagao has major
and interconnected consequences for the water on and
around the island. Due to the sharp increase in the number
of tourists, the demand for drinking water has risen
significantly, while Curagao has virtually no natural
freshwater sources due to its dry climate and geological
structure. As a result, the island is entirely dependent on
the desalination of seawater via reverse osmosis. This
technique is energy-intensive and leads to high CO:
emissions, which contributes to climate change, warming
of seawater, and ocean acidification. In addition, the
discharge of saline residue from desalination plants causes
a locally increased salinity in the sea, resulting in a
decrease in dissolved oxygen and disruption of marine
ecosystems.

In addition to the pressure on the drinking water supply,
tourism causes a sharp increase in wastewater production,
particularly in coastal areas where hotels, resorts, and
recreational facilities are concentrated. The existing
wastewater treatment capacity is already insufficient and
thus unable to accommodate this growth. As a result, this
large amount of wastewater is discharged into the
terrestrial and marine environment untreated or
insufficiently treated. This leads to eutrophication, harmful
algal blooms, oxygen depletion, and the spread of
pathogens and chemical substances in coastal waters.

The consequences of this are clearly visible in the marine
environment around Curagao. Corals and seagrass beds are
being degraded, biodiversity is declining, and ecological
indicator species such as the green sea turtle are showing
increasing health problems, including fibropapillomatosis.
This points to long-term environmental stress strongly
linked to human pressure in tourist areas. In summary, the
explosive growth of tourism exacerbates both the
quantitative pressure on the drinking water supply and the
qualitative deterioration of the water and marine
ecosystems around Curagao.
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Abstract

The wadden sea attracts 20 millions of tourists annually,
because of its wide beaches and unique tidal landscape.
Tourism brings important income to the region, but this
fragile ecosystem is struggling under the growing pressure
of human activity. Therefore we wondered how big that
impact on the environment really is and are going to
consider factors such as littering or water pollution. We
expect that busy tourist areas show greater signs of latter
aspects and are going to analyze the relative correlation of
tourism numbers to water quality and garbage quantity. In
order to do the analysis we will conduct interviews with
locals and look at informations from the city offices.

We hope to identify the main environmental problems
connected to tourists and propose solutions to improve the
welfare of the area, by raising awareness to the causes and
finding possible spots for improvement.

1 Content

1.1 Purpose of the Investigation

The purpose of the investigation is to find out, how tourism
affects the environment of the wadden sea, as there are
around 20 million tourists a year, making it an important
factor in the wellbeing of the area. Therefore we made the
hypothesis; Places with more tourists have more litter and
more pollution. The investigation is about the wadden sea
as it is a very important ecosystem that is local to northern
Germany. It has a wide diversity of fish, birds and seals to
start with but also smaller organisms such as worms, insects
or algae.

1.2 Method of the investigation

In order to conduct the investigation, we used an array of
methods, such as interviews with local people to hear about
their opinions, as they experience tourists everyday,
meaning that they will have made observations regarding
tourists. We also collected data from local city offices, such
as tourist numbers and water quality and observed the litter
on several beaches. Then we compared the data and looked
for a correlation, if there is worse quality water or more
litter on the beaches, our hypothesis would be confirmed.

1.3 Results

Tourism in the wadden sea is responsible for littering and
pollution, but also disturbs wildlife in the area. Tourism still
is important economically as around 20 million people visit
a year contributing for a large part of the regions income,
enabling the preservation for a part.

2 Conclusion

Tourism in the wadden sea brings too much benefits with it
to ban it, as it is supplying a lot of jobs, but it still has
drawbacks with the pollution, littering and the disturbance
of wildlife. Therefore, as it cannot be banned, it should be
made more environmentally friendly. In order to achieve
that there are many possible solutions such as the
installation of bins to enable tourists easier disposal.
Furthermore tourists should be educated for a responsible
use of the area during their stay. That way the area would
be able to uphold the economical part of the equation whilst
reducing the negative impact the tourists have by bad
behavior. Then it might be helpful to have regular cleanups
on the beaches and other affected areas to manually reduce
the amount of waste the tourists leave behind them. If all of
the aforementioned measures are successfully implemented
the data should be overlooked again, if the improvements
are enough, it can stay that way, if the problem is ongoing it
might be necessary to limit the number of tourists allowed,
or for there to be more measures taken in order to solve the
ongoing problem.
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Abstract

Microplastic pollution is a growing threat to marine
ecosystems worldwide. The Wadden Sea, a UNESCO
World Heritage Site and important coastal habitat, is
also affected. In our project, we focus less on the
amount of microplastics and more on their cycle and
their impacts on the ecosystem.

We examine how microplastics enter the Wadden Sea
through human activities such as tourism and shipping,
and how they are continuously transported, deposited
and resuspended by tides, currents, and wind. This
allows them to reamin the ecosystem for a long time.
We also analyze the consequences for marine organisms
and the food chain, as many animals ingest
microplastics. Our aim is to better understand the
ecological effects and highlight the importance of
environmental protection.

1 Content

1.1 Purpose of the Investigation

In this investigation we want to find out where
microplastics in the Wadden Sea come from and how
they enter the environment. The Wadden Sea is a large
natural area in northern Germany where many animals
and plants live, such as seals, birds, fish, and small
organism like worms and algae, We want to understand
how microplastics get into this area.

1.2 Method of the Investigation

We visited the Wadden Sea Centre in Cuxhaven and
conducted an interview with staff members to learn
more about microplastics and their origins. After that,
we went into the mudflats, observed the area carefully,
and collected sediment samples.The sediment samples
were then examined under a microscope to look for
possible microplastic particles and fibres. We also
looked for visible signs of plastic waste or pollution in
the environment.In the end, we combined all the
information from the interview and our field
observations and compared them.

1.3 Results

The investigation shows that a large part of
microplastics likely comes from shipping. This is also
indicated by the blue plastic fibres we found in the

sediment samples under the microscope. In addition,
tourism and other human activities contribute to the
pollution.

Microplastics enter the Wadden Sea through different
pathways and are continuously transported, deposited
and resuspended by tides, currents, and wind. As a
result, they remain in the ecosystem for a long time.

Many marine organisms ingest microplastics, allowing
them to enter the food chain. This can cause health
effects such as inflammation or reduced fitness. In
addition, microplastics can absorb pollutants from the
environment and later release them again.

2 Conclusion

Microplastics are a long-term environmental problem in
the Wadden Sea because they come from many
everyday sources and break down very slowly. A key
issue is that they accumulate in the environment over
time and are therefore difficult to remove.

The investigation shows that microplastics are not just a
single environmental issue but affect many parts of the
ecosystem, especially marine environments and the
animals living there. Therefore, it is important to reduce
the amount of plastic entering the environment and to
handle plastic products more responsibly in general.

References

https://www.horiba.com/aut/scientific/resources/science-in-
action/where-do-microplastics-come-from/
https://www.nationalpark-wattenmeer.de/news/gemeinsam-
fuer-eine-plastikfreie-nordsee/
https://www.schutzstation-wattenmeer.de/naturschutz/
gefaechrdungen/verschmutzung/muell/
https://www.stiftung-schutzstation-wattenmeer.de/aktuelles/
beitrag/mikroplastik-detektive/


mailto:mareike.metschulat@waldschule-schwanewede.net

Utilising Game Theory to Determine the Grounds for Marine Cooperation

Hikaru Kashihara, Ritsu Kobayashi, Hana Sato, Kaito Tojo

Makuhari Senior High School, Japan, myoshida@shibumaku.jp

Abstract

Marine resource management is key in an age where climate
change, increased global demand and fierce competition
exacerbates habitat destruction. This issue becomes
increasingly challenging under contested ocean territories, in
which individuals prioritise self-interest and deplete limited
resources—a concept known as the “Tragedy of the
Commons.” A look into the specific elements that come into
play in the signing of fishery agreements is essential for
international cooperation and sustainable fishing. Even if
territorial disputes persist, a shared agreement ensures
continuous protection of the environment, economic
viability of fishing, and diplomatic stability. Our research
aims to clarify what circumstances, priorities, and
relationships fishery agreements are established under. We
will compound historical data from successful treaties,
identifying the different variables that come into play. We
will then assess those variables through simulations based on
game theory and find the most impactful variables. These
results could be generalized for not only fisheries, but for
seabed mining and management for other resources.
Through research in both historical and psychological fields,
we can expect to find sufficient data to form a proposal on
how to proceed with efforts in marine resource cooperation.
Keywords

Game theory, maritime cooperation, marine environmental
treaties (METs), qualitative comparative analysis (QCA).

Tragedy of the Commons

1 Introduction

1.1. Background

1.1.1 Maritime cooperation

Maritime cooperation involves efforts between organisations

to manage, protect and utilise ocean resources sustainably.

Globally, marine protected arecas (MPAs) and other
regulations of cooperation are reinforced through
international fishing restrictions such as the Convention for
the Protection of the Marine Environment of the North-East
Atlantic (OSPAR) [1]. However, in the high seas
(international waters) outside of territorial waters and
Exclusive Economic Zones (EEZs), restrictions are
insufficient. Indiscriminate fishing in these areas will lead to
the depletion of marine resources; to prevent this, maritime

regulations must be enacted [2].

1.1.2 Maritime cooperation in disputed areas

However, establishing maritime regulations between nations
engaged in territorial disputes is challenging. This is due to
the ambiguity of border lines and ownership of marine
resources. Overlapping claims are intensely linked to
national sovereignty and security as well, impeding
negotiation.

An example of a region with such dynamics is the South
China Sea. In this area, which accounts for 12% of the
world’s fish catch, multiple countries such as China, the
Philippines, Vietnam and Taiwan are asserting sovereignty
over each other’s EEZs. Total fish stocks in the South China
Sea have declined by 70-95% since the 1950s [3]. However,
poaching, illegal fishing in other countries’ territorial waters
and EEZs, and the construction of illegal artificial islands
continue to occur. In 2011, the Declaration on the Conduct
of Parties in the South China Sea (DOC), a set of preliminary
guidelines for resolving disputes, was agreed upon by the
disputing parties and their respective countries [4]. However,
this agreement did not include provisions for the protection
of marine resources or restrictions on the extraction of

mineral resources. Overfishing continues to this day.

1.1.3 Tragedy of the Commons
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The Tragedy of the Commons is an economic concept
popularised by ecologist Garrett Hardin in 1968, that
individuals with open access to a public resource (commons)
will act in their own self-interest, depleting the resource.

In his essay The Tragedy of Commons, he describes a pasture
that is open to all herders; each herder benefits by adding one
more animal to the graze. However, the cost of overgrazing
is shared by everyone, and the land degrades and eventually
becomes unusable for all. While players understand
protection of the commons is vital, the fear that other
herdsmen will disobey and increase their profit prevents
cooperation [5].

According to this theory, in maritime areas where territorial
disputes exist, the focus shifts to maximisation of profit,
leading to overfishing and the overexploitation of resources.
The noble goal of marine environmental protection is not a

prioritised factor in such situations.

1.2 Purpose

Hardin stresses that when private interest and collective
rationality clash, “mutual coercion” is the solution [5].
However, in contested maritime regions, it remains unclear
what conditions truly make cooperation possible. For
instance, evolutionary biologist David Barash states that
conservatives will acknowledge the necessity of private land
ownership, claiming shared land is tantamount to
unoccupied land, while liberals will call for social authority
[6].

As climate change, population growth and global demand for
resources accelerate, clarifying the foundations for
successful agreements is vital. Especially for a country like
Japan, which relies heavily on resources abroad, supply must
be steady, even when economic competition and
environmental protection overlap. Therefore, this study aims
to determine the political, economic, and psychological
conditions that effectively encourage the signing of maritime

treaties.

2 R1 (Research 1)

2.1 Introduction

Examining the theories of international cooperation and
examples of marine environmental treaties (METs), we
discovered recurring variables that could come into play.
Within the complex geopolitical context of the signing of
METs, these variables interlink; a simple analysis of each
variable may miss the broader nuances existing in
negotiations. Therefore, utilizing Qualitative Comparative
Analysis (QCA), we will derive a formula on what specific
variables are necessary in the signing of bilateral METs,
answering what the most significant combination of

conditions is sufficient.

2.2 Methodology
2.2.1 Research design

To account for complexities, this study utilises two-step
QCA to identify the combinations of conditions sufficient for
the signing of bilateral METs. The two-step design follows
the procedure developed by Schneider and Rohlfing. This
separates structural conditions (unlikely to change in the
short term) from proximate conditions (likely to change),
removing the risk of comparing non-equivalent cases [7]. In
stage 1, we passed cases through a necessary conditions test,
using 0.9 as the threshold for allowing a dyad to pass. In
stage 2, we created a truth table of proximate conditions,
arranging all combinations of conditions and recorded which
combinations are associated with the outcome across the
empirical cases. Then, we used Boolean minimization to find
a final solution on the required variables in the signing of
METs. We applied the standard consistency score of 0.75 as
a threshold [8].

2.2.2 Case selection

Our analysis listed dyads under the limitation that the two
nations share an EEZ and that both have a reliance on fishing.
Without these fulfilled, it is nonsensical for a treaty to be
signed in the first place. We established these metrics before
examining outcome variation to minimize selection bias. The
final dataset has a total of 32 dyads (5 were excluded in stage

1, leaving 27 in stage 2), with an emphasis on geographic



diversity, outcome diversity, and inclusion of variables that
both do and do not fulfil structural conditions.

The outcome—whether a treaty was signed or not— was
identified through the IEA database and other supplementary

records such as Memorandums of Understanding.

2.2.3 Variables

2.2.3.a Stage 1: Structural Conditions

These define the population of relevant cases. A dyad failing
either condition was excluded from analysis as out-of-scope,
rather than coded as a negative case, since the absence of
these conditions renders treaty formation structurally
implausible.

DR (diplomatic relations)

e 1: Both states maintain continuous formal
diplomatic relations, including active embassies or
equivalent missions, for at least 10 consecutive
years.

e 0: Relations are absent, unrecognised, severed, or
interrupted within that period.

EF (Economic reliance or importance of fishing)

e 1: Fishing or marine resource extraction constitutes
a significant share of the economy or is important
in one region and both states are active in the shared
maritime zone.

e 0: Neither state has meaningful economic
dependence on the shared zone. This is distinct
from the initial case selection condition on the
importance of fishing as this variable only applies
in situations in which there is a particularly great

reliance on fishing.

2.2.3.b Stage 2: Proximate Conditions

These operate within the eligible population and explain
variation in the outcome. All conditions were coded using
publicly available data sources specified below.
EC (Ecological Crisis)

e I: Assignificant pollution event, fish stock collapse,

coral bleaching episode, or oil spill in the shared

maritime zone is documented by IUCN, UNEP, or
an equivalent body within the past twenty years.

e  0: Otherwise.

TP (Third-Party Pressure)

e I: A documented international body, such as the
UN Environment Programme, EU accession
frameworks, or World Bank environmental
conditionality has applied pressure or mediation
specifically related to marine environmental
governance of the dyad.

e  0: Otherwise.

TR (Environmental Treaty Track Record)

e 1: Both states have ratified UNCLOS and at least
one major multilateral environmental framework
and have a prior record of bilateral or multilateral
environmental cooperation.

e  0: One or both states lack these commitments.

ED (High Bilateral Economic Dependence)

e 1: The other state ranks among the top five trading
partners for at least one state in the dyad, or if
significant bilateral investment ties exist, as verified
against World Bank bilateral trade data.

e  0: Otherwise.

2.2.4 Variable justification

The variables included in R1 were identified through a
review of the existing literature on international
environmental cooperation and documented cases of MET
formation, rather than derived from a single theoretical
framework.

EC — Ecological Crisis

Ecological crises may encourage cooperation because they
increase the costs of non-cooperation and create urgency for
cooperation. Kingdon argues that unexpected crises can open
opportunities for policy change [9]; Young states that
environmental crises help overcome joint action problems in
international negotiations [10]. Sprinz and Vaahtoranta also
show that states facing high ecological vulnerability are
more likely to support environmental agreements [11].

TP — Third-Party Pressure

Third-party pressure is based on the idea that international



organizations encourage cooperation by changing the payoff
structure of cooperation, reducing mistrust, and providing
monitoring  mechanisms that increase costs of
noncooperation [12]. This is because nations would rather
maximize mutual benefit over relative gains.

TR — Environmental Treaty Track Record

A history of environmental cooperation may make future
treaties easier. Putnam's two-level games framework
suggests that domestic institutional capacity shapes what
international agreements are negotiable, and states with
established environmental treaty records have demonstrated
the capacity for future treaties [13]. From a game-theoretic
perspective, Axelrod shows that repeated interaction builds
trust and reciprocity that make cooperation self-sustaining
[14].

ED — Economic Interdependence

Economic interdependence is based on the idea that strong
trade and investment ties increase the costs of non-
cooperation between states [15]. Neumayer further argues

that economically interdependent states are more likely to

commit to environmental agreements [16].
2.2.5 Hypothesis

While structural conditions such as diplomatic relations
and reliance on fisheries define the potential for
cooperation, the signing of an MET requires at least
one of several proximate causal variables to be fulfilled,

or a combination of them.

2.3 Results

2.3.1 Formula

In stage one, cases with major diplomatic disruptions or lack
of reliance on marine resources were excluded, which are the
following:

e  China — Taiwan (DR=0)

e  Saudi Arabia — Bahrain (EF=0)

e  Israel — Lebanon (DR=0)

e  North Korea — South Korea (DR=0)

e  Pakistan — India (DR=0)

e  China — Taiwan (DR=0)

We then inserted all other dyads into the table and derived a

truth table out of it in stage 2.

Table 1: Stage 2 All Variables.

1 US - Canada 1 1 1 1 1
2 US - Mexico 1 1 1 1 1
3 Chile - Peru 1 0 1 0 1
4 Brazil - Uruguay 0 0 1 1 1
5 Ecuador - Colombia 1 1 1 0 1
6 Norway - Russia 1 o] 1 0 1
7 Norway - Iceland 1 0 1 0 1
8 Sweden - Finland 1 1 1 1 1
9 France - Spain 1 1 1 1 1
10 Greece - Italy 1 1 1 1 1
11 South Africa - Mozambique 1 1 4] 0 4]
1. Kenya - Tanzania 1 1 1 o] 1
1. Senegal - Guinea-Bissau 1 1 0 0 1
1¢ Madagascar - Comoros 1 0 0 0 1
1¢ Australia - Indonesia 1 1 1 1 0
1¢ Australia - PNG 1 0 1 1 1
11 New Zealand - Fiji 1 1 1 0 1
1¢ Philippines - Malaysia 1 1 1 o 1
1¢ Philippines - Vietnam 1 1 1 0 4]
21 China - Japan 1 o] 1 1 4]
2 China - Vietnam 1 o] 4] 1 4]
2. Japan - South Korea 1 o] 1 1 (4]
2! India - Sri Lanka 1 0 0 0 0
2. India - Maldives 1 1 1 1 0
2! Iran - UAE 1 0 0 1 1
21 Oman - Yemen 0 0 0 0 0
2' Eritrea - Djibouti 0 o] 0 0 0
Table 2: Truth table.
ECv TP v TR v ED v Outcome v Tr Representative Cases v
US-Canada, US-Mexico,
1 1 1 1 1 Sweden-Finland, Greece-ltaly,
India-Maldives
I =
0 0 1 1 1 Brazil-Uruguay
11 0 o 1 Senegal-Cuen-Biseas
T T IS s At
" Contrad " dor-Colombi
U U t 0 co) 2:::?;;::22-:;‘:&(;;:}%ilippines -
Vietnam(0)
1 0 0 1 0 China-Vietnam, Iran-UAE
1 (0] (0] (o] 0 Madagascar-Comoros, India-Sri Lanka
0 0 0 0 0 Oman-Yemen, Eritrea-Djibouti

From the results of the table, we used Boolean Minimization
to draw out a formula that represented the necessary
combination of variables needed for success in the signing of

METs. The initial formula was:

EC-TR +~EC-TR-ED +EC-TP >0 (1)



This can be simplified, as ED is redundant when EC and TR
are both present.

The formula is as follows:

O=((EC-TR) +HEC-TP) HTR-ED))  (2)

Put into words, the QCA revealed that METs are successfully
signed through the following three different models, under
the assumption that diplomatic disruptions did not happen

and fishing was significant to both states.

1. Ecological Crisis + a Track Record of efforts in
environmental protection (EC « TR)

A stereotypical example of this pattern is the efforts by
Canada and the United States in restoring the original
conditions of Lake Erie. This lake had always been in
“serious economic and ecological harm,” and had multiple
failed attempts for cooperation between the two countries in
1908 and 1946. This combination of variables led to the
ultimate signing of the Convention on Great Lakes Fisheries
[17].

2. Ecological Crisis + Third Party Influence

In 2025, Mozambique and South Africa signed the
Biodiversity Beyond National Jurisdiction (BBNJ)
Agreement, which is a UN negotiated treaty. Before, the
shared waters between these two countries were described as
in the state of “full exploitation or depletion of coastal fishing
grounds,” and the UN’s constant efforts in increasing
cooperation between countries was a definitive factor in the
signing of this treaty [18].

3.Track Record of efforts in environmental protection +
high Economic Interdependency

Australia and New Zealand are heavily reliant on one another
economically and signed the Treaty between the
Government of Australia and the Government of New
Zealand on Cooperation in Fisheries Surveillance and Law
Enforcement in 1999. They had multiple treaties signed

before, like the Convention on Biological Diversity in 1992,

which indicates a healthy record of environmental protection.

2.3.2 Consistency, coverage and contradictions

2.3.2.a Consistency and coverage

The overall solution achieves a consistency of 0.81, above
the conventional threshold of 0.75, indicating that the
formula reliably predicts treaty formation across the dataset.
The raw coverage of each of the paths varies, with path 1
having the most coverage at 0.82. This shows that an
ecological crisis combined with a history of cooperation is
the way to reach a treaty. Path 3 has the lowest raw coverage,
it has the highest consistency, showing how even though a
track record of cooperation and economic interdependency
is the hardest combination of variables to have amongst the
three, if it does occur, the signing of a treaty is the most

likely.

2.3.2.b Contradictions

4 cases (China — Japan, Japan — South Korea, Philippines —
Malaysia, and Philippines — Vietnam), produced
contradictory results. Within QCA, contradictions usually
signal a meaningful pattern that the current model does not
account for [7]. All 4 contradictory dyads had the same
structural feature of the existence of territorial disputes. One
possible reason why a contradiction was born is because we
based the study off the liberal hypothesis that all nations are
aiming for absolute gains. Yet, within contested territories,
this is not always the case as states try to gain a comparative
advantage over the other, leading to the prioritization of
relative gains [19]. We posit that in the context of contested

territories; the absolute gains hypothesis does not apply.

Table 3: Consistency and coverage for all paths.

Formula v Consistency v Raw Coverage v
Path 1: EC-TR 0.78 0.82
Path 2: EC-TP 0.8 0.71
Path 3: TR.EED 0.82 0.53
Overall Solution 0.81 1

2.4 Limitations of R1 and connection to R 2

The contradiction in R1 shows that under contested areas, the
fundamental principle behind nations working together
likely fails, as states stop prioritizing absolute gains. This

means that our formula on cooperation only applies in



situations without contested territories. In R2, we aim to fill
in that gap by proving the ways in which cooperation can
happen within them.

QCA is unable to model the specific decision-making
process behind how treaties are signed and can only create
models based off past treaties. We aim to specify conditions
in which treaties are signed under contested territories in R2.
All variables were coded by the researchers themselves,
which introduces the risk of subjective judgement. To
mitigate this, we grounded the variables with objective
metrics. Additionally, the decision to include these 4
variables and exclude others reflects judgments made during
the research design process that a different researcher might
have made differently. Alternative conditions that were
considered but excluded include regime type, power

asymmetry between states, and changes in leaders.

3 R2 (Research 2)
3.1 Introduction

3.1.1 Background: Game Theory and the Tragedy of the

Commons

Game theory is a branch of applied mathematics that
provides tools to analyse interdependent decision-making. A
game consists of players, strategies, and payoffs. Players are
the decision-makers, ranging from countries to individuals
and even plants. Strategies are the actions one can take, and
payoffs are the outcomes for each combination of choices.
Players have either similar or opposed interests, each
considering the other’s strategy to formulate the optimal

solution [20].

Table 4: Payoff matrix for the Tragedy of the Commons.

Other users

Protect land | Increase herd

Protect land R R S T

Herdsman
Increase herd T S P P

R: reward, S: sucker, T: temptation, P: punishment

From a long-term perspective, the best scenario for both
players clearly is the upper left corner, where both players
receive an equal share and an infinite resource. Yet, as
Hardin points out, mankind has a natural tendency of getting
"locked into a system that compels him to increase his
[share] without limit—in a world that is limited" [5]. To gain
more fish than their opponent, Player A may betray the trust
of Player B, shifting the situation to the bottom left box.
Assuming they each have no way of knowing what action the
other will take, the safest option for both players is to take 2
fish a day, as they will either gain more or an equal number
of fish.

This is precisely how governments and fishing organizations
progressively shift over to the bottom right box, exacerbating

tension and destroying ecosystems.

3.1.2 Purpose

In R1, it became clear that whether a region was contested or
not was incredibly significant to the signing of METs. Even
if the situation fulfilled all requirements of the formula
created in R1, the chances of the outcome being
unsatisfactory were elevated. Therefore, in R2, we aim to
define not only the most effective conditions for the signing
of METs, but also the most effective conditions on the
premise that the marine areas are being contested.

In our simulation, we have three different hypotheses:

1. The application, as well as the threat of
punishments and rewards will encourage the mutual
prioritization of the general public’s interest.

2. Communication will encourage the mutual
prioritization of the general public’s interest.

3. A third party’s influence, such as the UN, will
encourage the mutual prioritization of the general
public’s interest.

Past attempts to get organizations to prioritize the greater
good over their own self-interest include enforcing fisheries
conservation regulations, designating MPAs, and signing
international marine agreements, all of which use
punishment as the primary motivator. We wondered if this
truly was the only way to raise the chances of the signing of

METs and thought also of increasing the frequency of



conferences between nations, and the influence of third
parties. Along with researching patterns in historical records
of METs, to model real-time human thinking, which R1 was
unable to do, we introduced a new perspective: psychology.
The aim is to clarify the subjective requirements for the
protection of the high seas and see how governments and
fishing companies come to reasonable, fair, and effective

agreements.

3.2 Methodology
3.2.1 Model

We created a simple model with 2 players and 8 fish in a
pond. Each pair of fish gives birth to 1 fish every day. For
example, if Player A continues taking 1 fish/day and Player
2 takes 2 fish/day, on the 2nd day, there would be (5 + 2 new
=) 7 fish in the pond. When there are not enough fish, the
remaining fish are split up according to the ratio of each

player’s demands (Table 5).

Table 5: Player A continues taking 1 fish/day, and Player B

continues taking 2 fish/day.

Day 1 Day2 | Day3 | Day4 | Day5
Player | Fish taken 1 1 1 1 (1-)
A (lor2) 0.3
Points 1 2 3 4 4.3
(=total fish
gained)
Player | Fish taken 2 2 2 2 2-)
B (1or2) 0.7
Points 2 4 6 8 8.7
(=total fish
gained)
Fish in pond at start | 8 (5+7=) | (4+2=) | 3+1=) | (1+0=)
of day 7 6 4 1
Fish in pond at end 5 4 3 1 0
of day

Table 6: Payoft matrix ((ratio of) fish gained per day) for our

model, assuming both players continue to take the same number of

fish every day.
Player B
1/day 2/day
1/day 1 1 1 2
Player A
2/day 2 1 2 2

Table 7: Payoff matrix for our model (total fish gained), assuming

both players continue to take the same number of fish every day.

Player B
1/day 2/day
1/day 0 43 87
Player A
2/day 87 43 35 35

The highlighted boxes are examples of Nash Equilibriums,
where no player can benefit by unilaterally changing their

strategy (Tables 6, 7).

3.2.2 Games

We collected 18 students from Makuhari Junior and Senior
High School (aged 13 to 17) and randomly assigned them
into 9 pairs. 3 pairs were assigned to each gamemaster. Each
pair played 2 games, the first of which was always Game 1.
Each gamemaster directed a different second game: Game 2,
3 or4.

Players were given the choice of taking up to 2 fish a day.
Excluding Game 3, the 2 players were put in different rooms
to ensure that they truly would not know what their opponent
was thinking. The gamemaster made sure that the choices
were made without the influence of the opponent’s choice.

The maximum length for all games was 10 days.

3.2.2.a Game 1: Free Round (Control Round)



The players were told to “maximize their own profits.” We
hypothesised that players would act in their own self-interest

and attempt to collect more fish than their opponent.

This was extremely crucial because the failure of this control
round was meant to mimic that of disputed waters, and the
Tragedy of the Commons itself. Although players knew
taking 1 fish would be in everyone’s best interest, they could
not help being baited by the short-term, large profits that

came with taking 2 fish every round.

3.2.2.b Game 2: Rewards and Punishment

In Game 2, before players chose the number of fish to take,
they had the option of declaring a reward or punishment to
the opponent.

A reward was defined as taking away 1 point from oneself
and giving 1 point to the opponent, as long as the opponent
takes O or 1 fish. A punishment was defined as taking away
1 point from oneself and 2 points away from the opponent,
but only if they choose to take 2 fish. The idea behind the
punishment is that if a player wants to control their opponent,
they must give up something of their own.

If there was only 1 fish left in the pond at the start of the day,
punishment was applied for taking either 1 or 2 fish, and
rewards were given if a player took 0 fish.

We hypothesised this would prevent the players from

overfishing so as not to get punished.

3.2.2.c Game 3: Discussion is allowed

The 2 players were placed in the same room, where they were
free to discuss for 2 minutes before choosing how many fish
to take. We hypothesized that most groups would realize
“maximizing your own profits” meant keeping the fish stock

alive and stable for as long as possible.

3.2.2.d Game 4: Third party influence

A third party placed a pressure rating on each player. This is
a model of consistent outside influence, such as pressure
from the United Nations to follow international treaties on

conservation. The existence of large treaty organizations,

such as Biodiversity Beyond National Jurisdiction (BBNJ),
is also an influential factor of the signing of METs.

If players took 1 fish, the percentage decreased by 5%. If
players took 2 fish, the percentage increased by 15%. The
ratio of change is different because in general, it is more
challenging to regain trust or rebuild destroyed habitats.

All players began at 50%. The game ended if either of the
players hit 100%. However, players were not notified of how
much their rating is affected by their choices and only knew
of the existence of a third party and a limit they could not

Cross.

3.3 Results and Discussion

The central assumption of the Tragedy of Commons is that
depletion of resources in a free land is simply inevitable
because humans have the tendency to act in their own self-
interest even when they know that doing so is not in anyone’s
long-term interest. As a reflection of this idea, Game 1 had
the shortest average lifespan, with most players acting in
arbitrary greed. This also supports the hypothesis that we set
out on why dyads that territorial disputes had failed as states
and players prioritized relative gain as compared to absolute
gain.

Although some pairs had to wait longer than others for their
turn and therefore had more time to think of strategies, the
average length of each game does not differ vastly.

All gamemasters noted that one aspect most players

struggled with was guessing what their opponent would do.

3.3.1 Game 1 (Free Round) + Game 2 (Rewards and

Punishment)

Table 8: Game 1 (Free Round) + Game 2 (Rewards and
Punishment).



Day 1 |[Day 2 |Day 3 |[Day 4 [Day 5 |Day 6 |Day 7 [Day 8 |Day 9 |Day 10 |avg.
Player |Fish taken 1 2 1 1 1.25
1  |Points 1 3 4 5
Player |Fish taken 2 2 1 2 175
2 |Points 2 4 g 7
Pond 7 4 B
/2 |[R/1 [P/2 |P/1 |P/2 [P/1 1.5
2 2 4 5 5| 25
/2 ([P/0 [R/1 |P/0 |P/1 [P/1 0.833
2 3 4 4 4, 15
6 4 1
Player |Fish taken 1 2 2 2 2 1 2 05 1.56
3 |Points 1 3 5 7 9 10 12| 125
Player |Fish taken 1 1 1 2 1 2 1| 0.5 1.18
4 |Points 1 2 3 5 6 8 9| 95
Pond 9 9 9 7 6 4 1
/2 |x/1 |[P/1 (P/2 |P/2 |P/1 |P/1 [P/1 1.38
2 3 5 7 7 8 9 10
/1 |P/1 |[R/1 [x/1 |[P/1 |P/1 |P/1 [R/0 0.875
1 2 2 3 3 4 S 6
7 6 4 3 1
Player |Fish taken 1 2 2 0.5 1.38
S |Points 1 3 5| 55
Player |Fish taken 2 2 1] 0.5 1.38
6  |Points 2 4 5| 55
Pond 7 4 1
/2 [P/1 |[R/1 |R/1 |P/1 [P/O [P/1 |R/0 |P/O 0.778
2 4 4 6 7 8 9 8 7
2 [R/1 |P/1 |R/2 |P/1 (P/1 [P/1 |P/O0 |[R/1 1.11
2 2 4 5 6 7 8 9 8
6 6 6 1 3 3 1 1

®  Light grey: Game 1

-: second game

Fish in pond:

®  Lightred: decrease from previous day.
®  Lightblue: no change from previous day.

(] .: decrease from previous day; END OF GAME

Declaration: what each player declared to the opponent, not what the
opponent declared to them.

®  P:punishment

(] x: not applicable / no declaration

o R: reward

In all 3 pairs, the resource was preserved for an equal or
longer number of days when rewards and punishments were
allowed. Game 1 averaged 5.33 days per game, while Game
2 averaged 6.67 days per game.

All games ended before Day 10. This is because of the
increased use of punishments as the game proceeds, which
most likely results from both players’ wish to gain more fish
than their opponent. Real-life examples of this phenomenon
include arms races and trade wars.

Interestingly, in our model, resources last longer with rigid

punishment than unrestricted pursuit of profit.

3.3.2 Game 1 (Free Round) + Game 3 (Discussion is

allowed)

Table 9: Game 1 (Free Round) + Game 3 (Discussion is allowed).

Day 1 |Day 2 |Day 3 |Day 4 |Day § |Day 6 |[Day 7 |Day 8 [Day 9 |Day 10 |avg.
Player |Fish taken 1 2 1 1 1 1.5 1.25
7 |Points 1 3 4 5 6| 75
Player |Fish taken 2 1 1 2 1 1.5 1.41
8 |Points 2 3 4 6 70 85
Pond 7116 e[ 4
1 1 2 1 2 1 2 1 2 1 14
1 2 4 5 7 8 10 11 13 14
1 1 2 1 2 1 2 1 2 1] 1.4
1 2 4 5 7 8 10 11 13 14
9 10 9 10 9 10 9 10 9
Player |Fish taken 2 1 2 1 2 1.6
9 |Points 2 3 S5 6 8
Player |Fish taken 2 0 2 0 2 12
10 |Points 2 2 4 4 6
Pond 6 7 4 4-
1 1 2 2 2 1 1 1 1 1] 13
1 2 4 6 8 9 10 11 12 13
1 1 2 2 1 1 1 1 1 1] 12
1 2 4 6 7 8 9 10 11 12
9 10 9 7 6 6 6 6 6
Player |Fish taken 2 2 0 1 2 14
11 |Points 2 4 4 5 7
Player |Fish taken 2 1 0 2 2 14
12 |Points 2 3 3 5 7
Pond s 4 o s
0 2 2 2 2 2 2 2 2 2| 1.8
0 2 4 6 8 10 12 14 16 18
0 2 2 2 2 2 2 2 2 2| 18
0 2 4 6 8 10 12 14 16 18
12 2] 2] [ [ 2] [ 2 s

®  Light grey: Game 1
(] -: second game
Fish in pond:
®  Lightred: decrease from previous day.
®  Lightblue: no change from previous day.
®  Light green: increase from previous day.
(] .: decrease from previous day; END OF GAME
(] -: no change from previous day; END OF GAME

(] -: increase from previous day; END OF GAME

Similar results were seen in Game 1 with these pairs as the
first 3 pairs, suggesting the normalcy of the players and
consistency of the gamemasters. Game 1 averaged 5.33 days
and Game 3 averaged 10 full days, displaying both a fruitful
crop and long lasting, stabilized resource.

When given time to discuss and negotiate with the other
player, all pairs made it to Day 10 with the fish stock
extremely stable. Throughout the negotiations, all pairs
asked each other to cooperate to sustain the number of fish.
Therefore, it can be said that by establishing negotiations,
both parties were able to understand each other’s actions and
achieve stable catches. There was 1 day where one player
betrayed the other (Player 9 to 8) and took 2 fish, but the

outcome remained satisfactory and unharmed. Interestingly,



the number of fish in the pond rarely fluctuates, or the players
follow a set pattern in the number of fish they take.

The fact that players could see each other’s faces may have
influenced their actions, however. It would seem more
challenging to betray when one can see the opponent’s
expressions throughout the discussion, and their reaction

when they discover they have been lied to.

3.3.3 Game 1 (Free Round) + Game 4 (Third Party

Influence)

Table 10: Game 1 (Free Round) + Game 4 (Third Party Influence).

Day1l |Day2 [Day3 [Day4 [Day5 |Day6 |Day7 |Day8 |Day9 [Day 10 |avg.
Player |Fish taken 2 2 2 1 05 15
13 |Points 2 4 6 7 75
Player |Fish taken 1 1 1 2 0.5 11
14 [Points 1 2 3 S 85
Pond 7 6 4 1
1 1 1 1 1 2 2 1 2] 14
1 2 3 4 5 7 9 11 12 14
45 40 35 30 25 40 55 70 65 80
1 1 1 1 1 1 2 2 1 2] 13
1 2 3 4 5 6 8 10 11 13
45 40 35 30 25 20 35 50 45 60

o 10 12 15| 19| 24| 30| 39| s4|Es|

Player |Fish taken 1 2 2 1 0 1 1 1.14
15 [Points 1 3 5 6 6 7 3
Player |Fish taken 2 1 2 0 1 1 1 114
16 [Points 2 3 5 5 6 7 3
Pond 7 6 3 3 3 1
1 1 2 1 1 2 1 1 2 1 13
1 2 4 5 6 3 10 12 13
45| 40| ss| so| 45| 60| ss| so| es 60
1 1 1 1 2 1 1 2 2 1 13
1 2 3 4 6 7 8| 10 12 13
45| 40| 35| 30| 45| 40| 35| S0 65 60
o 10| 10| 12| 13| 15| 19| 24| 31|08
Player |Fish taken 1 1 2 15 138
17 [Points 1 3 5| 65
Player |Fish taken 2 2 2 15 1.88
18 [Points 2 4 6| 75
Pond G |
1 1 1 2 2 1 2 2] 2] 1.56
1 2 3 5 7 8| 11| 13 15
45| 40| 35| s0| es| eof 75| 90
1 1 1 2 1 2 2 2 1 144
2 s 6 8| 10 12[ 13

45 40 35 50 45 60 75 90 85

9 10 12 12 13 15 16 18 22

®  Light grey: Game 1

-: second game

Fish in pond:

®  Lightred: decrease from previous day.

®  Light blue: no change from previous day.

®  Light green: increase from previous day.

(] .: decrease from previous day; END OF GAME

(] -: increase from previous day; END OF GAME
Pressure rating:

®  Green: decrease from previous day.

®  Red: increase from previous day.

Game 1 lasts 5.33 days and Game 4 lasts 9.67 days on
average.

In Game 3, players were cautious in the first half of the game;
if there was no pressure rating, the number of fish would
continue increasing even if both players took 2 fish every day.
However, as the game nears the end, their desires to
maximise their profit surfaces, and they become more

reckless.

3.4 Discussion

At this point, we had a large collection of data, but nothing
to refute the claim that the data gathered, and the pattern of
the data was all due to chance. Table 11 shows the amount
of rounds the players lasted in each game, before the fish
were all taken from the pond, or before the player was
eliminated by third party pressure. Since we ran the control
game a total of 9 times, the average number of rounds of the
first three, second three, and third three games were written
in the table. Table 12 is an ANOVA (Analysis of Variance)
test of Table 11 and shows a p-value of 0.0004 (<0.05),
proving that the results of the simulation were extremely

statistically significant.

Table 11: (Number of rounds survived per game).

Control  [R/P Discussion | TP Influence
53 6.0 10 10
53 8.0 10 10
53 9.0 10 9.0

Table 12: (ANOVA of Table 11).

ANOVA

Source of Variation SS df MS F P-value  F crit
Between Groups 42.23583 3 14.07861 21.11792 0.000371 4.066181
Within Groups 5.333333 8 0.666667
Total 47.56917 11

We designed the Tragedy of Commons simulation to clarify
the best grounds of cooperation on the premise that the
shared waters are disputed, and in poor ecological condition.
Although both the Game 3 (Discussion) and Game 4 (Third

party) had significantly higher survival rounds than Game 1



(Free round), the Game 3 (Discussion) particularly had a
remarkable, no-fail streak of 10 days per game.

The players of the Game 2 (rewards and punishments) were
also observed to have more rational thought and high
prioritization of public interest than in their previous control

game, though not as fail-proof as the latter two games.

3.5 Limitations

A clear barrier in our experiment is the question of whether
we can generalize our results to truly represent the status of
marine resources, and the psychological logicality of
governments. The participants from our study are all students
from Makuhari Junior and Senior High School, which has a
tight community. This naturally friendly atmosphere, along
with their lack of true experience out in society, could have
influenced the results of our simulation.

Moreover, the fish in the pond may have lasted longer
because players simply became accustomed to how the game
works. To test this, we must conduct a round where pairs
play Game 1 in both the first and second games.

Some may also criticize this study as not accurately
reflecting the sophisticated historical relationships countries
have with each other in the motives for their actions, such as
Japan and China, and that the high seas cannot be modelled
into a simple simulation.

Although governments do face more complex circumstances
in the face of maritime treaties, their situations share the
same core pressures of competition and scarcity as the
students in the simulation. Even if these results prove to be
ungeneralizable to the real world, it undoubtedly helps in the
understanding of specific concepts and mechanisms inside of
it. Moreover, the participants were all unaware of who their
opponents were and were also unable to see them, which
lowered the risks of the simulation being influenced by
familiarity and recognition.

Though satisfactory results were obtained in this simulation,
it is also important to note that the little amount of data
collected in this study may have been insufficient to build
concrete facts upon. If this study was to be replicated, it is

necessary to assemble more than 18 people.

4 Conclusion

4.1 R1

In R1, we tested out multiple hypotheses on the variables
that matter in the signing of METs through QCA. After
collecting data from 27 different pairs of countries, it told
us that 3 routes were possible in the signing of METs.
1. Ecological Crisis + a Track Record of efforts in
environmental protection (78% likelihood of MET)
2. Ecological Crisis + Third Party Influence (80%
likelihood of MET)
3. Track Record of efforts in environmental protection
+ high Economic Interdependence (82% likelihood
of MET)
All of these were dependent on stage 1's structural variables
being fulfilled, where nations had undisrupted diplomatic
relations for more than 10 years and marine resources were
important for both nations. These results are significant and
unique as they do not default to a one size fits all definition,
but rather show the different complex combinations of
variables that lead to the signing of METs along with a
comparison of the likelihood that each one will lead to a
MET. However, we also noticed that an important factor was
missing from the QCA and was affecting the consistency of
the formula and study: whether the region was contested or
not. In most cases, if it was contested, the chances of MET's
being signed became lower, even if the situation between
both countries fit the formula. We posited that this was
because of the change in incentives from gaining absolute

benefits to gaining relative benefits.

4.2 R2

In R2, we then decided to design a simulation in which
participants’ resources are shared and limited, leading to
disputes and ecological decline. The same 2 players were to
play a second game, where they were to do one of the
following:

e Game 2: Apply rewards and punishments to their

opponents.

e  Game 3: Discuss with their opponents.

e Game 4: Be aware of third-party opinions.
After averaging survival times in all types of games, we were

able to gain statistically significant data that proved the



effectiveness of the conditions that were added in the second
games. Compared to the control round, where participants
tended to show aggressive and selfish behaviours, these
conditions significantly lengthened the survival time of the
fish in the simulation.
We can firmly state that in a previously contested maritime
region, the following three variables, in order, are the most
likely to bring success to the signing of METs:

1. Discussion

2. Third Party Influence

3. Rewards and Punishments

4.3 Overall

Overall, our research showed that the signing of maritime
treaties happens under two different contexts: one where
absolute benefit is prioritized and one where the existence of
territorial disputes led to the prioritization of relative benefit.
It also suggests that ecological crises alone are not sufficient
to produce cooperation in contested maritime regions.
Instead, sustainable environmental cooperation depends on
the existence of mechanisms that encourage trust,
communication, and mutual accountability between states.
Both our QCA and simulation demonstrated that when actors
are placed in competitive situations involving shared and
limited resources, cooperative structures—particularly
communication and third-party influence, it significantly
improves long-term sustainability outcomes. Therefore, the
successful formation of METs appears to depend not only on
environmental urgency, but also on the political and
institutional conditions that enable cooperation to emerge
despite conflict.

What makes this research interesting is that we can add
nuance into the literary deadlock within international
relations theory. We nuance incentive analysis between
realists and liberals, by positing that the incentive analysis
changes based on the circumstance. Without territorial
disputes, liberal institutionalist theory holds, reflected in our
R1 results. Yet, if territorial disputed to exist, realist

invectives take over, as reflected in our R2.

5 Future Direction

While brainstorming different variables to test out in R2, we
had multiple other options that we could not use simply
because of the lack of availability of the researchers.

One of the alternative variables include exploring the usage
of unequal power dynamics, which would better represent
the real-world situation. If participants were aware of the
power their opponent wielded, or lacked, we hypothesized
that they would find it easier to predict what action they
would take next, therefore making it easier to make their own
decisions. However, the participants would have to find a
balance between their own profit and the greater good.
Another variable we considered was the education and
knowledge the participants were given beforehand,
specifically about game theory. We initially hypothesized
that this would open their eyes to the fact that having an
infinite supply of food would be in both theirs and their
opponent’s best interest.

Adding in more players into one game is another option, as
it would undoubtedly be more realistic. The increase or
decrease in trust may be something worthwhile to study and
would clarify which kinds of treaties are easier to sign.

In future replications of this research, it is important to keep
in mind that the variables used in our simulation are far from
being the only ones.

Instead of a two-step QCA as the one used in R1, future
research can also try utilising temporal QCAs, which focuses
on the effect a certain sequence or length of events has on the
signing of METs, such as how long an environmental
catastrophe lasts, how strong public pressure is applied, and
if certain variables have the same results reversed.

As stated in R2, communication ended up being the most
significant factor in the signing of MEDs in this study. In
future research, it may be a promising approach to search for
factors within communication, such as transparency levels,
publicity, and levels of speaking power in discussions. Going
a step further beyond our current results may reach more
realistic and easier implementation into the real world.

Our research can not only be used to effectively sign METs,
but it can also be used to monitor deep sea mining, a frequent
topic in the news today. The data and simulation design can
be utilised to predict territories that are at a risk of getting

stuck in the Tragedy of Commons.
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1.Abstract
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2. Introduction

Invasive aquatic plants have become a serious
environmental problem in lakes, rivers, wetlands, and
agricultural waterways. These plants can reduce
biodiversity, degrade water quality, block water flow,
disturb native ecosystems, and interfere with human
water use. Among them, alligator weed is especially
difficult to manage because of its high reproductive
ability and strong environmental tolerance.

le— Littoral Zone —»

| Terrestial
Plants

Plants

Floating
Plants
» L& '
Open Water
]

» \

I

I

I

l Emergent
S
l

I

Submerged
Plants

Figure 1. Aquatic vegetation structure and the position of
emergent and floating plants in freshwater ecosystems

Alligator weed is a perennial invasive plant native to
South America [1]. It is classified as an emergent to
wetland plant, often growing in wetlands, rivers, lakes,
and agricultural areas. A significant characteristic is that
alligator weed forms mat-like colonies over the water
surface. These colonies can block waterways, reduce the
oxygen supply to aquatic ecosystems, interfere with

! Chemical Control is the use of herbicides to quell certain
types of vegetation.

irrigation, and create problems for flood prevention and
water management. Their negative effects negatively
affect a wide range of industries, from logistics to
agriculture. In Japan, alligator weed has been designated
as an invasive alien species, and its spread has been
reported in multiple regions, including lake Inba in
Chiba Prefecture [2].

The difficulty of controlling alligator weed makes early
detection extremely important. Once the plant has
expanded into large colonies, removal becomes costly
and time-consuming. Attempts at physically removing
the weed may adversely affect the situation if stem
fragments break off and spread downstream. Chemical
control! using chemical herbicides can affect non-target
vegetation, while biological control® using natural
predators of alligator weed is not always reliable in
colder climates due to a mismatch in habitat. For this
reason, detecting alligator weed growth before large-
scale expansion is essential.

This study identifies the management problem of
alligator weed and evaluates satellite remote sensing as a
possible solution for wider, faster, and more continuous
monitoring.

3. Purpose of Research
3.1 Current World Situation

3.1.1 Overview

Freshwater ecosystems are increasingly affected by
invasive species, climate change, pollution, and human
land-use changes. Invasive aquatic plants are especially
problematic because they grow in areas that are often
difficult to access directly, such as lakes, marshes,
irrigation channels, and riverbanks. Once these plants
spread across water surfaces, they can alter habitats and
disrupt both ecosystems and human water systems.

Alligator weed is one example of this larger problem.
Because it can grow rapidly and survive under difficult
conditions, it can become dominant in invaded
environments. Its ability to spread through stem
fragments makes it particularly dangerous in waterways,

2 The reduction of pest populations by natural predators that
typically involves an active human role.



where broken stems can be carried downstream and
establish new colonies.

3.1.2 The Management Problem of Alligator
Weed

The management problem of alligator weed is not only
that the plant is invasive, but that it is difficult to detect
and remove before the plant spreads massively. Current
management often depends on field surveys, reports
from local authorities, or visual confirmation, but this
detection can only be made when colonies have already
become visible. By the time dense vegetation mats are
detected from the ground, the plant has likely already
spread to other areas.

3.1.3 Effects of This Issue

Alligator weed affects both ecosystems and human
society. Ecologically, it can crowd out native plants,
reduce biodiversity, alter aquatic habitats, and block
sunlight and oxygen exchange in water systems [1].
Socially, it can interfere with irrigation, reduce crop
yields, block waterways, increase flood risks, and raise
management costs for local governments and
communities [1].

Because the plant affects both environmental health and
water management, the issue is not limited to
conservation. It also impacts agriculture, disaster
prevention, infrastructure maintenance, and local
government planning. As an example, alligator weed
colonies can make minor rivers unpassable, posing as an
obstacle for boats, and in this way, can impede rescue
operations in times of natural disasters.

3.2 Approaches to the Situation

3.2.1 Monitoring Methods and Limitations

Several monitoring methods can be used to detect and
track alligator weed, but each has its own strengths and
limitations.

3 An aircraft that is guided autonomously, by remote

control, or both and that carries sensors, and electronic
transmitters.

3.2.1.1 Field Surveys and Visual Inspection

Field surveys and visual inspection are the most direct
methods and are also the methods that have been most
often implemented in the past. They allow researchers
and local officials to confirm the actual plant species and
observe the condition of the site. This is important
because satellite data alone cannot always identify
species.

However, these methods require time, labor,
transportation, and access to the site. They are difficult to
conduct frequently over wide areas. In lakes, rivers, and
wetlands, some areas may also be physically difficult or
unsafe to reach. Therefore, field surveys and visual
inspections are accurate but not always efficient for
continuous large-scale monitoring.

3.2.1.2 UAV-Based Aerial Photography

Unmanned Aerial Vehicles (UAVs)?, or drones, can
capture higher-resolution images than most free
available satellite imagery. This makes them useful for
detecting small patches of alligator weed and confirming
vegetation patterns along shorelines. UAV imagery can
also be useful for creating training data for machine-
learning models.

However, UAV surveys still require field operations,
flight planning, equipment, and permission. This raises
concerns about cost efficiency and whether these large-
scale methods can be implemented globally. UAVs are
better suited for detailed local surveys than for
continuous monitoring over large regions. UAVs are
therefore useful as a validation tool, but less practical as
the only monitoring system.

3.2.1.3 Remote Sensing Technology

The limitation is that satellite data has lower spatial
resolution than UAV imagery. Sentinel-2 imagery has a
10 m resolution for major bands, which means small
patches may be mixed with water, soil, shoreline
vegetation, or artificial surfaces [3]. In addition,
vegetation indices such as NDVI can detect vegetation
activity, but they cannot identify plant species by
themselves. Because of this, remote sensing is powerful


https://www.britannica.com/dictionary/sensors

for screening and monitoring, but it must be carefully

validated.
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Figure 2: Relative effectiveness and operational cost of monitoring methods for alligator weed detection

Note: Effectiveness is only used in the context of definitiveness of disovery. Field surveys are very effective because it is directly possible to
confim the existence of alligator weed while options 2,3 use indirect methods to discover alligator weed.

3.2.2 Past Research Example

Past research has shown that vegetation indices and
satellite imagery can be used to monitor aquatic
vegetation and algal blooms. In 2025, Shinohara and
Kurida used Sentinel 2 data to visualize alligator weed in
a river in Chiba Prefecture [4].

However, the specific detection of alligator weed
remains difficult because it often grows near shorelines
and can be spectrally similar to other vegetation. This
means that a simple “green vegetation” detector is not
enough.

3.2.3 Our Solution

Considering these considerations, we proposed the
development of a staged satellite-based monitoring
workflow. This was envisioned by first creating a rule-
based NDVI-MNDW!I Threshold Model on GEE that
would analyze changes in NDVI indexes and MNDWI
indexes to identify possible aquatic vegetation zones.
Then, supervised machine-learning models are used to

improve classification by learning from multiple
satellite-derived variables. These methods will be
explained later in this study.

The hypothesis of this research is:

Alligator weed-associated floating and emergent
vegetation can be detected more reliably by combining
vegetation indices, water indices, seasonal satellite
composites, and supervised Random Forest classification
than by using NDVI or MNDWI alone.

This hypothesis reflects the main weakness of index-
only detection. NDVI and MNDWI are useful, but they
describe surface conditions rather than species identity. A
machine-learning model can combine more information,
including seasonal change, optical bands (RGB color
data), water indices, and radar variables, to create a more
reliable classification of alligator weed.



3.3 Goals

3.3.1 Relation to SDGs

This research relates to several Sustainable Development
The development of a satellite-based monitoring system
for alligator weed provides a scalable technical solution
that directly supports the targets of three United Nations
Sustainable Development Goals.

Regarding SDG 6: Clean Water and Sanitation (Target
6.6), this research contributes to the protection and
restoration of water-related ecosystems. By utilizing
MNDWI and B11 (SWIR) spectral analysis to identify
early-stage invasive mats, this study provides water
management authorities with a tool to prevent the
clogging of irrigation channels and the subsequent
degradation of water quality caused by decaying biomass
in Lake Inba.

In relation to SDG 13: Climate Action (Target 13.3), as
rising temperatures and altered precipitation patterns
accelerate the northern expansion of invasive aquatic
species in Japan, there is an urgent need for adaptive
monitoring. This project addresses climate-related
resilience by establishing an automated, multi-temporal
detection framework that allows for the long-term
observation of invasive species migration in response to
changing environmental conditions.

Finally, the study aligns with SDG 15: Life on Land
(Target 15.8), which explicitly calls for the prevention
and reduction of the impact of invasive alien species on
land and water ecosystems. This research provides the
spatial evidence required for rapid response efforts,
moving beyond manual field surveys to a remote-sensing
approach that can monitor vast, inaccessible marshlands.
By improving classification accuracy through Sentinel-
1/2 data integration, this study facilitates the
conservation of native biodiversity in Japanese wetlands.

3.3.2 Our Goal

The main goal of this research is to evaluate whether
satellite remote sensing can facilitate early detection of
alligator weed. More specifically, the research aims to:

1. detect vegetation expansion over water surfaces
using satellite indices;

2. evaluate the limitations of only using NDVI-
MNDWI-based detection in terms of separating
alligator weed and non-alligator weed;

3. compare the effects of using an increased
number of data bands and machine learning

Random Forest models to solely using NDVI
MNDWI indices;

4. identify the model that provides the best balance
of accuracy, simplicity, and ecological
plausibility in detecting alligator weed growth;

5. provide recommend Big Query or the
foundation for a future early-warning
monitoring system to stop the spread of alligator
weed.

4. Method of Our Research

Before explaining the detailed workflow, the following
table defines the technical terms used in this study.

Table 1: technical terms used in this study
Term Meaning in this study

An invasive aquatic plant species,
Alligator Alternanthera philoxeroides, that can
weed form dense floating or emergent mats
over water surfaces.

The use of satellite or aerial data to
Remote , . .
. observe Earth’s surface without direct
sensing .

physical contact.

Google A cloud-based platform used to process

Earth
Engine

satellite imagery, calculate indices,
train models, and visualize spatial
results.

An optical satellite mission that
provides visible, near-infrared, red-
Sentinel-2 | edge, and shortwave infrared imagery
useful for vegetation and water

analysis.

A radar satellite mission that provides
SAR data, including VV and VH
backscatter, which can provide
information about surface structure.

Sentinel-1

Synthetic Aperture Radar; a radar-

based imaging method that can observe
SAR .
surface structure and is less affected by

cloud cover than optical imagery.

Normalized Difference Vegetation
Index; a vegetation index used to
NDVI o A VeR !
estimate active green vegetation from
satellite imagery.

Modified Normalized Difference Water

Index; a water index used to identify

MNDWI




water-related surfaces and separate
water from land or vegetation.

Normalized Difference Water Index; an

NDWI index used to support water and
moisture-related analysis.
. A calculated value from satellite bands
Vegetation C . ..
. used to highlight vegetation activity or
index i,
plant condition.
A calculated value from satellite bands
Water
. used to highlight water surfaces or
index ..
water-related conditions.
A satellite image created by combining
Seasonal multiple images from the same season
composite | to reduce noise from clouds, short-term
variation, and atmospheric effects.
A model that classifies pixels based on
Rule-based .. P
threshold fixed conditions, such as NDVI greater
than a set value or MNDWI below a set
model
value.
Pixels that satisfy the rule-based
Candidate conditions for vegetation appearing
vegetation- | over or near water surfaces. These
on-water pixels are not automatically confirmed
alligator weed.
A method that removes isolated pixels
Connected- . .
el by keeping only pixels that are
P . connected to a minimum number of
filtering . . .
neighboring pixels.
A supervised machine-learning model
Random “p . . g
that combines many decision trees to
Forest .
classify data.
Labeled samples used to teach the
Training model the difference between alligator
data weed-associated and non-alligator
weed areas.
L Labeled samples not used during model
Validation . b &
data training, used to evaluate model
performance.
Validation | The proportion of validation samples
accuracy correctly classified by the model.
A metric that measures agreement
between predicted and reference labels
Kappa . .
while accounting for agreement that
could occur by chance.
A non-alligator weed sample
False . . .
. incorrectly classified as alligator weed-
positive . .
associated vegetation.
Fal An alligator weed-associated sample
alse . . .
. incorrectly classified as non-alligator
negative

weed.

A situation where a model performs
Overfitting | very well on training data but may not
generalize well to new or unseen data.
The difference between training
accuracy and validation accuracy, used
Overfit gap . Y o . Y
as a simple indicator of possible
overfitting.
A measure showing which satellite
Feature oL .
. bands or indices contributed most to
importance R . . ..
the model’s classification decisions.
A map showing how likely each pixel
Probability | is to belong to the target class, rather
map than only showing a yes/no
classification.
Field-
. . A map output that suggests where field
verification Co
.. surveys should be prioritized, but does
priority L . .
not confirm species identity by itself.
layer

4.1 Study Area

The study focused on bodies of water in Chiba
Prefecture, especially areas where alligator weed
expansion has been reported, such as Lake Inba. This
area was selected because it provides a relevant case

study for testing whether known or suspected aquatic
vegetation expansion can be detected through satellite
imagery. Chiba Prefecture had published data based on
field surveys on alligator weed colony dispersion and
removal logs during the years 2020 and 2023
respectively. In the study, we focused on the circle area
that had a five-kilometer radius from the coordinates

[140.19, 35.75].

Lake and marsh environments are suitable for this
research because alligator weed often forms vegetation
mats over or near water surfaces. However, it cannot be

overlooked that these environments also create
classification challenges because shoreline pixels may
contain mixtures of water, soil, vegetation, and artificial

surfaces.




Figure 3: Research Area Map

4.2 Resources Used

4.2.1 Satellite Imagery

The final workflow used Sentinel-1 and Sentinel-2 data
bands*. Sentinel-2 was used because it provides visible,
red-edge, near-infrared, and shortwave infrared bands
that are useful for vegetation and water monitoring.
Sentinel-1 was used because SAR data can provide
structural information and is less affected by cloud cover
than optical imagery.

The Sentinel-2 variables included original optical bands
and calculated indices such as NDVI, MNDWI, and
NDWI. NDVI represented vegetation vigor, MNDWI
represented water-related surface conditions, and NDWI
provided additional water-related information.

4.2.2 Temporal Resources and Seasonal
Composites

Seasonal composites were generated to reduce noise
from individual images. The final model comparison
used seasonal combinations from spring, summer,
autumn, and winter. Spring was used to capture early
vegetation growth, summer to capture peak growth,
autumn to test late-season conditions, and winter to test
whether all-season information improved classification.

Median composites were used to reduce the influence of
clouds, temporary water-surface variation, and short-
term atmospheric effects.

4.2.3 Google Earth Engine

Google Earth Engine was the main platform for satellite-
image processing and final model creation. It was used
to calculate indices, generate seasonal composites,
sample training data, train Random Forest classifiers,
create classification maps, produce probability maps,
and analyze feature importance.

This was important because remote-sensing models must
be evaluated in the context of spatial distribution, not
only numerically. An efficient model must produce maps
that are ecologically plausible and visually inspectable.

4.2.4 BigQuery and Tabular Machine-
Learning Resources

BigQuery ML, an online data warehouse provided by
Google, was used as an intermediate machine-learning
exploration stage. Satellite-derived pixel values were
exported from Google Earth Engine into a structured
table. The cleaned dataset contained 8,237 sampled
pixels, including 725 alligator weed pixels and 7,512
non-alligator weed pixels, with no removed pixels due to
missing values.

This stage showed that spatial satellite data could be
converted into a tabular dataset and utilized for training a
machine learning model to classify alligator weed.
However, it also revealed limitations because spatial
visualization was difficult, and some high-performance
results raised overfitting concerns.

4.2.5 Training and Reference Resources

Training samples were divided into two classes: alligator
weed and non-alligator weed. Alligator weed was
labeled as class 1, and non-alligator weed was labeled as
class 0. These samples were extracted at 10 m resolution
and randomly split into training and validation subsets.
Seventy percent of the samples were used for training,
while thirty percent were reserved for validation.

Reference information, including field-related data and
local reports, was used to evaluate whether satellite-
based results were spatially plausible. However, the
research still recognizes that field validation remains
necessary for stronger species-level confirmation.



4.3 Research Stages

The model names used in this study are as

follows in the table:

Table 2: Model names in this study

Model name used in this
Stage Inputs Output
paper

Model 1: Rule-Based Sentinel-2 NDVI, Candidate vegetation-on-water

Stage One NDVI-MNDWI Threshold | MNDWI, water adjacency, g
. iy mask
Model connected-pixel condition
Model 2: Bi ML Export tinel-2
ode 1gQuer.y . xported Sentine .and Preliminary classification results
Stage Two Exploratory Classification supplementary Sentinel-1 .
. and feature importance
Model variables
1 inel-2
Model 3: Seasonal Random Sea'sona Sentine Final model comparison,
. . variables and o

Stage Three | Forest Classification . probability map, and feature

Models supplementary Sentinel-1 importance

SAR variables P

Stage Three: . . .

Model 3B: Spring—Summer | Spring + summer seasonal | Preferred early-warning
selected . . .
model Random Forest Model variables classification model

4.3.1 Stage One: Rule-Based NDVI-MNDWI
Threshold Model in Google Earth Engine

The first stage was to use a Rule-Based NDVI-MNDWI
Threshold Model. NDVI was used to detect active
vegetation, while MNDWI was used to identify water-
related surfaces. By combining these indices, the model
attempted to detect vegetation appearing over or near
water surfaces. In simplified form, pixels were
highlighted as candidate vegetation-on-water only when
they satisfied all rule-based conditions simultaneously:

Candidate vegetation-on-water=(NDVI>0.35)
AMNDWI<0) A (Water adjacency=1) A (Connected
pixels>3)

The model used thresholds such as high NDVI, low
MNDWI, adjacency to water, and minimum connected
pixel count. The minimum connected-pixel condition
was used because alligator weed often forms mat-like
colonies rather than isolated pixels. This helped reduce
random noise and false positives and focus on coherent
vegetation patches.

4.3.2 Stage Two: BigQuery-Based Machine-
Learning Exploration

The second stage tested whether BigQuery ML could
improve classification by using multiple satellite-derived
variables. This stage was designed to move beyond fixed
thresholds and allow a supervised model to learn
patterns from optical bands, infrared bands, water
indices, radar bands, and predefined class labels.

However, BigQuery ML created challenges for spatial
interpretation. The model could produce predictions
numerically, but it was difficult to prevent overfitting the
model. This made it difficult to judge whether the model
was detecting realistic alligator weed patches or simply
classifying broad shoreline areas as positive.

4.3.3 Stage Three: Creating Comparable
Random Forest Models in Google Earth
Engine

The third stage used Random Forest classification in

Google Earth Engine. Four seasonal model options were
tested:



Table 3: Seasonal model options

S 1
Model casona Purpose
Inputs

Option |[Summer Test the simplest peak-growth

A only model

Option |[Spring +
B summer

Test early-growth and peak-
growth combination

Test whether late-season
information improves
classification

Option |[Summer +
C autumn

. Test whether maximum seasonal
Option . .
All seasons |[information improves

performance

Each model used Sentinel-1 and Sentinel-2 variables.
The Random Forest classifier was trained with 150
samples and a fixed point of comparison. This made the
models comparable and allowed accuracy, overfit gap,
confusion matrix values, and feature importance to be
examined.

4.3.4 Model Selection

The model-selection process did not rely only on the
highest accuracy. Instead, the models were evaluated
based on validation accuracy, kappa, overfit gap, false
positives, false negatives, number of input bands, and
interpretability.

This was important because a model with many bands
may produce slightly higher accuracy but may also be
more complex and less practical. The best model should
be accurate, simple enough to interpret, using the least
amount of information.

5. Results and Interpretations

5.1 Stage One

The Rule-Based NDVI-MNDWTI Threshold Model was
useful as an exploratory screening method. It allowed
possible aquatic vegetation zones to be visualized

quickly and showed that satellite-derived vegetation and

water indices could capture broad patterns of vegetation
OVer or near water.

However, the model had a major limitation. NDVI can
detect vegetation, but it cannot determine whether the

vegetation is alligator weed. MNDWI can help separate
water surfaces from land surfaces, but it cannot
distinguish between plant species. Therefore, the Stage
One model was not sufficient as a final detection
method.

The result of Stage One was still important because it
confirmed that index-based detection can identify
candidate areas. In other words, it can function as a first
screening layer, but not as proof of alligator weed
presence.

Figure 4. The Coordinate Plane Used to Observe NDVI Increase
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Graph 1: Sustained Increase Following Alligator Weed Infestation From 2018

5.2 Stage Two

The BigQuery-based machine-learning exploration
showed that supervised classification was possible using
exported satellite-derived data. The dataset was
successfully exported, with 8,237 valid sampled pixels.
This demonstrated that Google Earth Engine and
BigQuery could be connected for tabular machine-
learning analysis.

To evaluate the contribution of specific spectral variables
to the classification process, an analysis of Importance
Gain was conducted on the final model. The results
revealed a highly structured hierarchy of predictors, with
four primary variables dominating the model’s decision-
making process: Shortwave Infrared (B11), NDVI,
MNDWI, and Near-Infrared (BS).

The Shortwave Infrared band (B11) emerged as the most
significant predictor, followed closely by the Normalized
Difference Vegetation Index (NDVI). The Modified
Normalized Difference Water Index (MNDWTI) and the
Near-Infrared band (B8) also showed substantial gain,
collectively forming a "core" set of features. This
ranking indicates that the model’s predictive power is
derived from a clear multi-dimensional signal: the

interplay between vegetation health, leaf-structure
reflectance, and surface moisture content. The reliance
on these specific bands suggests that the classification
logic is rooted in the physical contrast between the
dense, moisture-rich canopy of Alligator Weed and the
high-absorption characteristics of the surrounding water
surface.

However, this stage also revealed a key weakness.
Numerical accuracy alone was not enough. Because
spatial visualization was difficult, it was again not
possible to fully confirm whether the model was
identifying actual alligator weed patches or simply
learning shoreline characteristics. This was especially
concerning because alligator weed often grows in
shoreline or wetland environments. If the training data
were spatially biased, the model could learn the habitat
background rather than the target species itself.

Therefore, Stage Two helped clarify the need for a final
workflow that could combine classification, mapping,
probability output, and feature-importance analysis in
the same environment.



5.3 Stage Three

The Stage Three Seasonal Random Forest Classification
Models all achieved high validation accuracy, meaning
that a large proportion of the held-out validation samples
were correctly classified. However, validation accuracy
alone is not sufficient to judge model quality, because it
does not show the balance between false positives and
false negatives or whether the model can generalize to

new locations.

Among the four Seasonal Random Forest variants,
Model 3B / Option B (spring + summer) and Model 3D /
Option D (all seasons) performed better than Model 3A /
Option A (summer only) and Model 3C / Option C
(summer + autumn). Table 2 summarizes the training

accuracy, validation accuracy, overfit gap, and kappa

value for each mode.

Table 4. Seasonal Random Forest model comparison

Seasonal

Band

Training

Validation

Overfit

Model ) Kappa | Interpretation
input count | accuracy [ accuracy |gap
lower than spring-
Model 3A/ Option A | V™™ 16 10.9996  [0.9953  |0.0044 |0.9184 | >trone but lower than spring-summer
only and all-season models
ing + B 1 f
Model 3B/ Option B | P 30 110000 [0.9978  |0.0022 |0.9653 | PSSt balance of accuracy and
summer simplicity
Summer .. .
Model 3C / Option C |+ 32 10000 [09953  [0.0047 [0.9284 | Similar to Option A, but weaker than
Option B
autumn
Model 3D / Option D |1 64 109998 09979  |0.0020 |0.9662 |THighest metric values, but most
seasons complex model




Model 3D / Option D achieved the highest validation
accuracy and kappa value, but the difference between
Model 3D and Model 3B was extremely small. Model
3D used 64 input bands, while Model 3B used only 32.
Therefore, Model 3B was selected as the preferred
model because it achieved nearly the same performance
with half the input complexity.

Model 3B achieved a validation accuracy of 99.78%, a
kappa value of 0.9653, and an overfit gap of 0.0022. The
overfit gap was calculated as the difference between
training accuracy and validation accuracy. A smaller
overfit gap suggests that the model performed similarly
on training and validation samples, while a larger gap
may indicate overfitting. In this study, the small overfit
gap of Model 3B suggests limited overfitting within the
pixel-based validation design. However, because nearby
pixels from the same training polygons may have similar
spectral characteristics, these metrics should be
interpreted as initial validation results rather than final
proof of species-level generalization.

Model 3B also achieved a high recall score and F1-
score. Recall is important for early-warning monitoring
because it measures how many alligator weed-associated
validation samples were correctly detected. The F1-score
combines precision and recall, making it useful for
evaluating overall classification balance. These results
suggest that the spring-summer model performed
strongly while avoiding the unnecessary complexity of
the all-season model.

5.4 False Positives and False Negatives

False positives and false negatives were examined
because overall accuracy alone does not show the type of
classification error. A false positive occurs when a non-
alligator weed sample is incorrectly classified as

alligator weed-associated vegetation. A false negative
occurs when an alligator weed-associated sample is
incorrectly classified as non-alligator weed.

For early-warning monitoring, false negatives are
especially serious because they represent missed
possible infestations. Missing a true infestation could
delay field response and allow the plant to continue
spreading. False positives are also problematic because
they increase the number of unnecessary field-check
locations and may reduce management efficiency.
However, in an early-warning system, a limited number
of false positives may be more acceptable than missing
an actual invasion.

The confusion matrix showed that all four models
produced very few classification errors. Model 3B /
Option B produced 0 false positives and 5 false
negatives in the validation set. Model 3D / Option D also
produced 0 false positives and 5 false negatives, but it
required twice as many input bands as Model 3B. This
supports the selection of Model 3B as the preferred
model because it achieved nearly identical practical
classification performance with lower complexity.



Table 5: Confusion Matrix for the seasonal Random Forest models

True False False True
Option . . Negative Positive Precision Recall Fl-score Balanced Accuracy
Negatives Positives s s
Option A: S
PUOTLA- SUMMEL 55 47 0 11 64 1.0000  0.8533 09209  0.9267
only
e
Option B: Spring 2043 0 5 72 1.0000 09351 09664  0.9675
summer
o .
Option C: Summer + ) 0 1 74 10000 08706 09308  0.9353
autumn
Option D: All seasons 2261 0 5 74 1.0000 09367 09673  0.9684

These results in Table 5 show that Option B performed
almost identically to Option D in practical classification
terms, while remaining simpler. This supports the
selection of Option B as the preferred model. However,
because the separation of decisions of training pixels and
evaluation pixels was pixel-based, nearby pixels from
the same training polygons may have similar spectral
characteristics. Therefore, these metrics should be
interpreted as an initial validation result rather than final
proof of species-level generalization.

5.5 Comparison with Reference Information

The satellite-based results were compared with available
reference information from Chiba Prefecture (see Figure
4) and a simple on-site survey conducted by our team on
March 26, 2026..The Stage One model showed
vegetation expansion patterns that corresponded with
known vegetation growth areas, but it could not confirm
species identity. The Random Forest model improved
classification by using multiple seasonal and spectral
variables.

However, comparison with reference information also
highlights an important limitation. The available
reference information was useful for contextual
comparison, but it was incomplete and not sufficient for
fully independent spatial validation. Therefore, the
model evaluation may overestimate performance. The
current results are promising, but stronger validation

using field surveys, UAV imagery, or high-resolution
satellite imagery is needed before the model can be
considered fully reliable for official monitoring. Instead,

it can be used as a tool to reduce the necessary area and
scope of in-person monitoring and utilized as an early-
warning system.
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Figure 5. Red indicated alligator weed patches, while orange
indicates removed alligator weed patches as of 2023.

6. Discussion

The most important finding of this research is that
simple index-based detection and machine-learning
classification play different roles. The Rule-Based
NDVI-MNDWTI Threshold Model is useful for screening
for increased vegetation patches, but not for final species



classification. It can identify possible aquatic vegetation
areas, but it cannot determine whether the vegetation is

alligator weed.

Feature-importance results (see Table 5)
showed that the boosted-tree models relied
mainly on vegetation indices, water-related
indices, infrared optical bands, and Sentinel-1
radar backscatter. In the simpler models,
MNDWI, NDVI, B11, and B8 were repeatedly
selected as important variables, indicating that
the model was learning the contrast between
water, vegetation, and moisture conditions. In
the seasonal models, summer vegetation
indices such as EVI summer, GARI_summer,
and NDVI_summer became especially
important, suggesting that growing-season
vegetation signals were useful for separating
alligator weed-labeled pixels from non-
alligator weed pixels. Sentinel-1 radar
variables, especially VV_summer and
VV_winter, also appeared among the important

VV_winter, also appeared among the important
features, indicating that radar backscatter
provided additional structural information
beyond optical reflectance.



Table 6 : Band importances

Band Importance
B12_summer 14.1851
VH_summer 12.2862
NDVI_spring 11.4945
NDWI_summer 11.3612
NDVI_summer 10.9526
B8 summer 9.8246
B11 summer 9.7751
VH_ spring 9.6898
B12 spring 9.1680
B11 spring 9.0639

Image 6 Red indicated high probability (p>0.7) area of
alligator weed, blue indicates other possibilities. In total,
the area classified as high-probability alligator weed
patches were 87.9 ha in size.

-
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Image 6. The Probability Scale of Alligator Weed.

The prominence of $B11§, SNDVIS$, SMNDWIS, and
$B8$ in the feature importance rankings provide a strong
physical validation of the model’s logic, yet it also
highlights the ecological limitations identified during the
BigQuery ML stage. These variables effectively create a
"vegetation-on-water" filter, identifying high-biomass
clusters within aquatic environments; however, the
BigQuery results demonstrated that high numerical
accuracy can be misleading if the model is learning the
tabular performance metrics habitat’s context rather than
species-specific traits. Because these spectral bands are
broad indicators of moisture and chlorophyll, there is a
significant risk of the model identifying "shorelines" as a
general ecological zone rather than alligator weed as a
unique species. This discrepancy reveals that while the
model is statistically robust, it remains susceptible to
"habitat leakage," where terrestrial or riparian vegetation
at the water's edge is incorrectly flagged due to spectral
similarity. Consequently, these results suggest that
cannot be the sole measure of success. Spatial
interpretation and visual inspection are mandatory to
ensure the model is detecting the target biological entity
rather than simply mapping the lake's geomorphological
boundaries.
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Figure 7: Probability layout
(red being higher probability of alligatorweed)

The final Random Forest workflow combined the flow
of classification, mapping, probability output, and
feature-importance analysis in one code script on Google
Earth Engine. This made it easier to evaluate both
numerical performance and ecological plausibility.

Option B was selected because it represented the
strongest balance between accuracy and simplicity.
Spring data may capture early vegetation emergence,
while summer data captures peak vegetation growth.
Together, these seasons provide useful information about
the growth cycle of alligator weeds. Option A, C were
passed over because of their limited convenience while
Option D was passed over due to complexity.

This supports one of the key interpretations of the study:
more data is not always better. A practical monitoring
model should not only maximize accuracy, but also
remain interpretable, efficient, and transferable.

7. Conclusion

This study evaluated a staged remote-sensing workflow
for detecting alligator weed. The Rule-Based NDVI-
MNDWI Threshold Model from Stage One successfully
identified possible vegetation zones over or near water
surfaces, making it useful as a first screening method.
However, because NDVI and MNDWI are not species-
specific, the index-based model could not serve as a final
alligator weed detection model.

The BigQuery ML from Stage Two showed that satellite-
derived variables could be used for supervised

classification, but it also revealed problems related to
spatial visualization and overfitting. These issues led to
the final Google Earth Engine Random Forest workflow
in Stage Three.

Among the four seasonal models, Option B, using spring
and summer data, was selected as the best overall model.
As explained in the Discussion, although Option D had
slightly higher numerical performance, Option B
achieved nearly identical validation accuracy with half
the number of input bands. Option B also produced
strong recall, high F1-score, no false positives in the
validation set, and only five false negatives.

Overall, this research suggests that satellite remote
sensing can support early-warning monitoring of
invasive aquatic vegetation. At the current stage, the
model should be described as detecting likely alligator
weed-associated vegetation rather than definitively
identifying alligator weed in every pixel. With better
validation data and higher-resolution imagery, the
workflow could become a practical tool for local
environmental monitoring.

8. Future Directions

Future work towards this project focuses on improving
training data, validation quality, and spatial resolution.

First, more balanced training samples are needed. In
particular, the model should include more negative
samples from non-alligator weed shoreline vegetation.
This would reduce the risk that the model learns
shoreline conditions instead of alligator weed identity.

Second, validation should be improved. The current
random split provides an initial estimate of performance,
but it does not fully test whether the model can
generalize new locations. Future validation should
include spatially separated test areas, field-confirmed
alligator weed locations, and comparison with UAV or
high-resolution satellite imagery.

Third, higher-resolution data should be introduced.
Sentinel-2 is useful for wide-area monitoring, but its
10m resolution makes it difficult to detect small or
narrow patches. UAV imagery or commercial satellite
imagery with 3—5m or finer resolution could improve
early-stage detection.

Fourth, the model should be tested in other regions
where alligator weed has been reported. This would
show whether the workflow is specific to Lake Inba or
can be applied more generally.



Finally, the long-term goal is to develop an automated
early-warning system. By combining satellite
monitoring, seasonal classification of alligator weeds,
probability mapping, and alert functions, local
governments and environmental managers could detect
possible alligator weed expansion earlier and respond
before large colonies become established.

In conclusion, this study highlights both the promise and
current limitations of using satellite imagery to detect
invasive aquatic plants. By building toward improved
data quality, validation, and resolution, the proposed
approach moves closer to a practical early-warning
system. Ultimately, it demonstrates how advances in
remote sensing and machine learning can contribute to
more timely, efficient, and scalable management of
ecological threats.
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Abstract

Bowker Creek was once a diverse ecosystem,
providing spawning grounds for salmon species. Now
flowing through three municipalities before emptying
into the ocean, the creek no longer harbors salmon
due to rapid urbanization around Oak Bay and the
Greater Victoria area in the past century. In hopes of
reclaiming this urban waterway, we are continuing
the work to reintroduce Chum salmon (Oncorhynchus
keta) to Bowker Creek in support of the ‘One
Hundred-Year Plan’ to revitalize the creek. Between
the months of October 2025 and February 2026, we
monitored two locations weekly to determine which
site was the most suitable for a salmon egg box. We
tested levels of dissolved oxygen, turbidity, stream
flow, air and water temperatures, and pH. This
project is in continuation of work done by Friends of
Bowker Creek, an organization that previously added
a salmon box in 2022. We expect our findings will
tell us which site can provide the best environment to
restore a Chum salmon run in the creek. We hope that
the addition of a second box will strengthen the
relationship between the Oak Bay community and
Bowker Creek ecosystem.

1. Introduction

1.1 History of Bowker Creek

Bowker Creek is a complex urban waterway that
flows through the municipalities of Victoria, Saanich
and Oak Bay on Vancouver Island, in the Province of
British Columbia. This waterway stretches over 3.4
kilometres above ground and 4.5 kilometres in
underground pipes or tunnels. In total, the creek path
is over 10 kilometres in length. While it used to be a
stream with a consistent flow, now roughly fifty
percent of the creek is covered by hard, impermeable
surfaces, such as roads, roofs or parking lots, and
over sixty percent of the water runs through culverts,
pipes or tunnels [4]. Prior to 1914, Bowker Creek

was ecologically diverse, housing an array of species,
including Chum salmon (Oncorhynchus keta) and
Cutthroat trout (Oncorhynchus clarkii). This rich
ecosystem and healthy salmon habitat thrived for
centuries until European settlers began to arrive in the
late 1700s and in larger numbers in the 1800s. The
local First Nations, the LQI,(WQI:]QI’I people, relied on
these salmon as a main food source [2, 8].

1.2 Chum Salmon Life Cycle

Pacific salmon are widely recognized as a keystone
species, as their life cycle links both British
Columbia’s salt and freshwater ecosystems [5]. The
Chum salmon are the poorest jumpers of the salmon
fish family and as a result they tend to lay their eggs
in the lowest portions of streams when compared to
other species of salmon. Three to five years after
hatching, Chum salmon return to lay their own eggs
in their home creek. Compared to other salmon
species, Chum salmon tend to spawn further
downstream as they struggle to progress much further
inland and upstream. The females dig the egg resting
places by sweeping the gravel with their tails, while
the males fertilize the eggs.

During the winter months, the eggs will incubate
within the gravel beds. In early spring, these eggs
will hatch to form “alevins” with their yolk sacks
attached. When the yolk sack disappears, they
emerge as fry. The Chum salmon fry spend only a
few weeks in these fresh water streams before they
head back into the cold salt water ocean. However,
before the Chum salmon leave their home streams,
they undergo a physical change called smoltification.
They spend some additional time in the estuaries to
acclimatize their bodies, which allows them to
navigate the ocean salt waters. It is at this stage that
the fish are known as smolts and they begin to
imprint the stream, by taking in the smells and tastes
so they are able to return to the same stream to
reproduce [6]. Chum smolts spend the least amount
of time in the creek, which is one reason why they are
considered a better species to choose for urban stream
restoration projects. Upon leaving the creek, they
spend three to five years in the ocean growing before
making their journey home to create the next
generation of Chum salmon [6, 12].



1.3 Restoration Efforts

As Victoria urbanized, the welfare of Bowker Creek
and other natural ecosystems were prioritized less
than the need for housing. As a part of this
development, many creeks that ran through the area
became a part of the storm water system, where they
carried precipitation out to the ocean. While this was
good for the towns, it caused immense strain on the
natural environment. After precipitation falls on the
town, it gets mixed with the dirt, chemicals and other
artificial substances that flow into the wurban
waterways, thereby unbalancing this delicate
ecosystem [3, 4].

Established in 2004, the Bowker Creek Initiative
(“BCT”) is a collaborative effort between local
government, volunteer organizations and citizens to
protect the Bowker Creek’s ecological, social and
economic health [4]. In 2011, the 100 Year Plan was
created by the representatives from three
municipalities (Saanich, Oak Bay and Victoria) [1]. It
has taken one hundred years for Bowker Creek to
find itself in its current degraded state and the
expectation is that it will take the same amount of
time to restore the creek to its former healthy state.
Working together, municipalities and school districts
developed a draft plan of different objectives to focus
on to support the creek’s restoration. This plan
developed a list of goals, such as effectively
managing the water flow, achieving and maintaining
acceptable water quality in the watershed, improving
and expanding public access to natural areas and
increasing the overall biodiversity of the Bowker
Creek watershed. The intention of this 100 Year Plan
is to restore Bowker Creek’s water quality to the
point where Chum salmon are able to reproduce in
this watershed. This plan has an important role
connecting many different groups to a common and
shared vision for the healthy future of Bowker Creek.
The Oak Bay High School project will focus on
continuing the restoration efforts by assessing the
viability of a potential second placement site for
Chum salmon eggs in Bowker Creek and the
comparison of Bowker Creek to other local salmon
bearing streams to assess future restoration efforts.

1.4 Comparable Urban Salmon

Waterways

This paper will analyze the potential salmon hatching
success in Bowker Creek with two other urban
salmon bearing watersheds: Goldstream Provincial
Park and the Colquitz River. Our team members
conducted numerous chemical and physical water
quality tests in two potential salmon bearing locations
in Bowker Creek. The purpose of these tests was to
determine which location would provide the best
potential survival rate for Chum salmon eggs [9].
This project is being completed in collaboration with
the Friends of Bowker Creek, a local environmental
organization, which has previously conducted water
quality tests and added Chum salmon eggs in a
different stretch of the creek [15].

In early 2022 the Friends of Bowker Creek received
approval from the Department of Fisheries and
Oceans, who manages salmon fisheries throughout
Canada, to place a salmon egg box in Bowker Creek
[11]. This original egg box was intentionally placed
in a very natural location, out of the sight and reach
of the general public. Our project tested two potential
locations for a second salmon egg box: one at our
high school’s outdoor classroom, adjacent to the
creek, and the other slightly downstream in a restored
wetland area. The objective is that the establishment
of a second egg hatching location will be a critical
step forward in the efforts to restore Bowker Creek to
its natural state. Both the potential box locations
would be more visible to those, who are interested in
knowing more about the efforts to bring salmon back
to Bowker Creek. Having the second salmon box
located in a highly visible location will make it an
effective way to teach both the general public and
Oak Bay High School students about the life cycle of
Chum salmon, and how to care for both the wildlife
and the creek moving forwards.

In heavily urbanized areas, local salmon populations
face environmental stressors such as altered
hydrology,  habitat  fragmentation,  shoreline
development and pollution. Despite these obstacles,
several greater Victoria watersheds continue to
support active annual salmon runs. Goldstream River
Provincial Park and the Colquitz River are examples



of how salmon spawning habitats can successfully
co-exist within municipal locations, if the appropriate
natural habitat features are present or created by
deliberate human restoration efforts [7, 13]. The
persistence of these groups of spawning salmon
provides a compelling case study for how aquatic
ecological resilience can be fostered within
metropolitan environments. This study will focus on
comparing and contrasting those two urban salmon
bearing watersheds with Bowker Creek. Each of
these flowing bodies of water has experienced
varying degrees of anthropogenic modification,
including extensive use of culverts, storm water
diversion, riparian vegetation removal, channel
straightening and human use impacts. Prior to urban
development, these waterways contained naturally
meandering channels, floodplains, coarse gravel beds,
and intact, mixed riparian forests, which are all
necessary features for salmon spawning and juvenile
fish development.

A key contributor to the local salmon enhancement is
the Goldstream Volunteer Salmonid Enhancement
Association hatchery, which was established in 1982.
This local hatchery incubates eggs from caught
salmon and promotes their growth through the
alevins and smolt stages. Once the fish reach the
smolt stage, they are released into local streams to
make their journey to the ocean. Three of the streams
that this hatchery supports are Goldstream River
Provincial Park, the Colquitz River, and Bowker
Creek [7].

Goldstream Provincial Park is located about 16 km
from downtown Victoria, in the Province of British
Columbia in Canada. This park runs along the busy
Trans-Canada Highway and it has various streams,
which interconnect prior running into the estuary. It is
nestled within a mixed forest, which includes 600
year old Douglas Firs, Western Cedars, low lying
vegetation and wild flowers. Goldstream Park is well
known for its annual autumn salmon runs, which
occur during late September to early December [14].
It is vital for the Chum, Coho and Chinook salmon
species, who return from the Pacific Ocean to spawn
there. This stream system also provides a natural
floodplain with riffles, pools, and forest vegetation
that contributes a varied and enriched food source for
the juvenile salmon to feed from. Despite its idyllic
setting, Goldstream Park has undergone extensive

restoration efforts to address human usage and the
water runoff effects of the nearby commuter highway

(71

The Colquitz River is part of a watershed system that
flows through Copley East Park in the municipalities
of Saanich and View Royal. Prior to large-scale urban
development, the Colquitz was a naturally
meandering waterway with side channels and
floodplains. With wurbanization, the creek was
straightened and heavily modified. Natural gravel
beds were washed away or removed, wetlands were
drained for farming and native vegetation was
cleared. As a result, the river and the surrounding
park area have experienced decades of ecological
degradation. This includes the impacts of storm water
runoff, which introduced pollutants, increased water
temperatures, and subjected the stream beds to more
flooding and soil erosion. All these factors have
contributed to the loss of this salmon spawning
habitat [13].

Although the area was once unsuitable for successful
salmon spawning, restoration efforts have created an
opportunity to re-establish salmon runs in the
Colquitz watershed. Since 2019, the Peninsula
Streams Society and the District of Saanich have
been working in partnership to restore sections of the
Colquitz River [13]. The state of this riparian area
prior to 2019 is very similar to the -current
environmental conditions found in Bowker Creek.

Collectively, the Goldstream River and Colquitz
River illustrate both the vulnerabilities and resilience
of urban salmon habitats in the Greater Victoria
region. While urban development presents many
challenges, targeted  restoration, = community
involvement and hatchery programs have assisted in
rebuilding the local salmon populations [7, 13].
These efforts demonstrate that with continuous
monitoring and human assistance in optimizing the
natural environment, the salmon will continue to
thrive within human communities.

1.5 Goal of the paper

By examining local urban watersheds, this paper
explores how adaptive management, habitat
engineering, and volunteering efforts can mitigate
negative human impacts on the surrounding



watersheds. The goal for Oak Bay High School is to
assess the viability of a potential second site for the
placement of Chum salmon eggs in Bowker Creek
and to compare Bowker Creek to other local salmon
bearing streams.

2. Methods

Water quality surveys are used to provide information
about the chemical composition of water. The
background of the water chemistry can determine
what kinds of plants and animals can live there. The
water quality was tested as a way to assess the
suitability of the creek for supporting Chum salmon
eggs. The Advanced Streamkeeping Habitat Survey
published by the Department of Fisheries and Oceans
Canada (DFO) was used as the basis for our methods
to collect data for our project [16]. In order to avoid a
significant difference in data between sites, sampling
was done within 24 hours of each other. This module
provided instructions on how to use and measure
dissolved oxygen, pH, temperature, and turbidity
with materials readily available to high schools [17].

2.1 Water Quality Survey

Temperature: Read the temperature of the air on the
thermometer after letting it sit for two minutes, then
put it below the water surface and make sure it is
fully submerged for another two minutes. Read the
temperature while the thermometer is still in the
water. Record the temperature in the Data Sheet [17].

Dissolved oxygen: Follow the instructions of the
dissolved oxygen test (LaMotte Company). Collect
the water sample carefully, without introducing air or
bubbles to the sample. Add the reagents in the water
sample to stabilize the oxygen, then fill the titration
tube and insert the titrator into the top of the titrating
solution. Add drops from the titrating solution to the
titration tube until the color becomes a very pale
yellow, afterwards add drops from the starch
indicator. Continue the titration until the blue color
disappears and the solution becomes colorless.
Finally, read the level on the titrator, and record it as
the dissolved concentration (see Figure 2) [17].

pH (API): Follow the directions of the pH kit. Fill
the Sml sample. Add three drops of the pH indicator
and match the color to the chart included with the kit
(see Figure 1 and 2) [17].

SALTWATER MASTER TEST KIT
HIGH RANGE AMMONIA NITRITE NITRATE
PH . (NH3/NH4*) (NOz) (NO3)
7.4 0 ppm 0 ppm 0 ppm
7.8 0.25 ppm '0.25 ppm 5.0 ppm

0.50 ppm 10 ppm

d
i

8.2 1.0 ppm 1.0 ppm 20 ppm

8.4 2.0 ppm 2.0 ppm 40 ppm

8.8 4.0 ppm 5.0 ppm 80 ppm

RU002075.000715 © 8.0ppm 160 ppm

Figure 2: pH Color Chart

pH Scale Salmonid eggs/alevin die
Bass/Trout begin to die
Al fish dead Snails/Tadpoles Al fish dead
Caddisflies begin to die
Mayflies Optimum for
dead most fish
ob—soe
o1 2 4 6 ‘|’5 10 1 14
Lemon Carrot Human I
Juice  Vinegar | Normal Rain[ 'Blood Bleach Lye
Battery Acid Tomatoes Milk Ammonia

Figure 3: pH Scale

Turbidity: Fill the tube with water to the 1.2 metre
line, then look from the top down the tube. If the
black-and-white disk is visible, stop there and mark
the turbidity as 120cm. If it is not visible, release
water from the bottom valve and stop once the disk
comes into sight. Read the level on the scale, then
record the measurements in the data table [17].

Figure 4: Turbidity Tube



Stream flow: Materials: Rubber duck, timer and tape
measure.

To start, measure the length of ten metres upstream of
the egg box sample site, then drop the rubber duck
one metre upstream from the starting point to allow
the duck's velocity to match the stream velocity. Start
the timer as it reaches the starting line and stop the
timer as the duck reaches the final line. Repeat this
procedure five times and determine the average of the
values recorded [16].

2.2 Advanced Stream Habitat Survey

The Advanced Streamkeeping Habitat Survey was
used during our data collection to gather further
information about Bowker Creek's conditions and its
suitability for a future Chum salmon egg box [16].
This module provided us with a list of six steps
which allowed for smooth sampling.

Step 1 — Choose a reference site and
benchmark:

To establish a reference site within an area with
suitable stream conditions, measure the stream's
bankfull channel. This is the area of the creek up to
the vegetation line (see Figure 5). Multiply this
number by at least twelve and place a marker at the
upstream and downstream boundaries. Choose a
benchmark between these two boundaries (see Figure
5a). This will be the site used in steps 2—4 [16].

Wetted  Bankfull
Depth  Depth

<«——— Hillside ————> <«—— FloodPlain —> <«——— Bankfull ———>
Channel Width

Figure 5: Cross Section of a Stream

Downstream
Boundary

Upstream

Benchmark Boundary

6 X BANKFULL 6 X BANKFULL
<—— Channel Width —— | «——— Channel Width ——>

POOL

RIFFLE

RIFFLE

REFERENCE SITE
(minimum 12 x Bankfull Channel)

Figure 5a: Natural Meander Pattern of a Stream

Step 2 — Conducting a cross sectional
survey:

This step will consist of four measurements: the
width of the wetted channel and bankfull channels,
and the depth of the wetted channel and bankfull
channels. Complete each of these measurements at
the downstream boundary, your benchmark, and the
upstream boundary [16].

Width of wetted channel: Stretch a measuring tape
perpendicular to water flow across the wetted area of
the stream. This measurement will be used in step 3.

Width of bankfull channel: Stretch a measuring tape
between the bankfull markers.

Wetted depth: Measure the wetted depth periodically
along the stream, depending on stream width. Start
0.1 metre away from the left bank and measure from
the bottom of the water to the surface.

Bankfull depth: Stretch a measuring tape across the
stream at the bankfull indicators and measure from

the bottom of the creek to the tape every half metre,
as done with the wetted depth (see Figure 4) [16]

Measuring Tape
Record at 0.5m Intervals

Measuring Tape
Record at 0.5m Intervals

l Metre Stick l Metre Stick

Bankfull

<«——— Wetted ———» |

Channel Width Channel Width

Figure 6: Wetted and Bankfull Channel Measurements.



Step 3 — Calculating stream discharge:

Using measurements from step two, multiply the
wetted width by wetted depth to obtain the
cross-sectional area in metres (see Figure 5).

Cross-sectional area of
Wetted stream (mz) = (mz)

x
wetted width average wetted depth

Figure 7: Calculating the Cross-Sectional Area in Metres

Drop a tennis ball one metre upstream of the
benchmark and time how long it takes to travel ten
metres. Repeat five times and calculate the average
velocity (m/sec) by dividing ten metres by the
average time. Determine total stream discharge
(m?*/sec) by multiplying the cross-sectional area by
the average water velocity and then by 0.8 as a
correctional factor (see Figure 6) [1].

Average Time (sec)
+ + + + ) = + 5=

trial | trial2  trial3  trial4  trial 5  total trials Average Time (sec)

Average
Velocity (m/sec) + = -
length (m) average time (sec) Average Velocity (m/sec)

Average Stream

Discharge (m3 /sec) x x 0.8 =
cross sectional average velocity correction Discharge
area (m?) (m/sec) factor (m3 /sec)

Figure 8: Calculating the Average Stream Discharge in
Cubic Metres

Step 4 — How to Conduct a Longitudinal
Survey:

Use a hip chain starting from the benchmark, walk
upstream and mark with flag tape the upstream end of
every habitat unit (pool or riffle) until reaching six
times the bankfull channel width. Return to the
benchmark and repeat downstream. For each habitat
unit, identify whether it is a pool or riffle, measure its
length, calculate the percent slope, measure
continuous length with the hip chain, and conduct a
cross sectional survey [16].

Step 5 — Habitat Characteristics:

Different sizes and types of streambed material
influence plant and animal life in a stream. Substrate
sizes range from fines, such as sand and clay, to large
boulders and bedrock (see Table 1). Although a
variety is ideal, a streambed consisting of gravel,
boulders, and pebbles is more stable than one made
up of fine sediment (see Figure 9) [16].

Table 1: Size categories of streambed material

fines smaller than a ladybug
gravel ladybug to tennis ball
cobble tennis ball to basketball

boulder | larger than a basketball with definable edges

bedrock | solid slab of rock

Fines Level

|

Sediment on Streambed

Figure 9: Estimating the Embeddedness of Gravel and
Cobble

Step 6 — Collecting, reporting, evaluating
information:

Rate the habitat quality of the reference site using the
recorded measurements and observations from Step
five. Transfer the measurements to the RESULTS
column in Data Sheet: STEP 6. The scores of each of
the nine habitat characteristics are weighted to reflect
their importance to biological productivity of the
stream. Add the values to get the total score for the
reference site [16].

3. Results

When looking at the data gathered for the upstream
and downstream sites in Bowker Creek, several
trends can be seen. The pH values were relatively
consistent at the upstream location, as the majority of
samples were between 7.4 to 7.6 (see Table 2). There
was one day in January with a discrepancy in this
pattern when the pH was higher than average, with a
result of 7.8. The pH of the downstream location
were found to be fairly consistent, with an average
result of 7.4, and some variance during the weeks of
November 19, 2025 and February 26, 2026 (see Table
3). These results from both locations are acceptable
for salmon, as they can survive in streams with an
average pH of anywhere between 6.0 to 8.5 [17].
Being an urban waterway, Bowker Creek is prone to
alteration as a range of inputs, such as stormwater
runoff which may include fertilizers, oils, or gasoline,



are continuously occurring. It is suspected that this
was the case with any major pH differences,
especially considering that they occurred during
months of high rainfall, and therefore more water
runoff from roads and other impervious surfaces.

3.1 Turbidity

When looking at the turbidity results, it is seen that
this test had the highest fluctuation when comparing
sampling days. At the upstream site, there was
variation of between 49cm to 120cm throughout the
first half of testing. From January onwards, when the
eggs would be introduced to Bowker Creek, the
turbidity became higher and the data was more
consistent, ranging from 95cm to 120cm. The eggs
would have been hatching into the alevin stage
relatively soon after we concluded our testing, so
seeing that the data was improving at this point was a
very promising result. A high turbidity reading means
that the water is clear and free of excess sediment, so
these are ideal conditions for young fish. Had the
turbidity been low in these months, the eggs, and then
later their gills and fins, could get smothered by the
debris, making this site potentially hazardous [17].

The turbidity in the downstream site was consistently
worse than the upstream site throughout testing,
ranging from 22cm to 120cm. This is likely due to
this downstream location being a restored wetland
that stretches over a wide bank with areas of low
water flow. This can cause sediment to build up in the
creek and lead to low turbidity readings. The
turbidity was ideal at the start of testing, with a result
of 120cm, but rapidly fell between November 22 and
December 3, 2025. It rose again in the following
weeks before dropping to its lowest level at the
beginning of January. From here onwards, it slowly
rose before getting back to clear conditions as we
concluded our sampling.

3.2 Temperature Differences

Water and air temperatures are directly related
because as the air heats or cools, so will the water.
Salmon generally thrive in water temperatures
between 5°C to 20°C. A lower water temperature
leads to a decrease in the risk of fish disease

occurring. As the water and air temperatures rise,
more plants will grow, which will increase oxygen
levels. Once they start to decompose, they will use up
the oxygen in the water, which will place stress on
aquatic life [17]. The upstream site had a consistent
difference in air and water temperatures of 0°C to
1°C throughout testing, with only a couple outliers in
December (3°C) and February (1.5°C and 6°C). The
data taken from the downstream site showed similar
findings, with results of 0°C to 1°C, and anomalies of
1.5°C in November, 2°C in December, and 3°C in
February. On February 5, 2026 both sites had their
highest temperature difference. This was due to a
short term spike in air temperature where
temperatures reached a record breaking 14°C [20].
Days like these are common in Victoria as spring
appears, and therefore this result is not concerning.

3.3 Oxygen Saturation

Ideal oxygen saturation levels for healthy
salmon-bearing streams are anywhere between 90%
to 110% [17]. Having a high oxygen content is
crucial for young salmon in a stream as they grow
into adulthood. This is because having access to
oxygen will help them maintain enough energy to
survive and grow [19]. The results at the upstream
site were relatively consistent, seeing results between
75% and 90%. Oxygen levels were lower throughout
the winter but once it hit January, the data increased
to more ideal numbers, ranging from 79% to 99%.
This location had promising results because as it
neared that time that the eggs would hatch, the
oxygen levels were increasing. When looking at the
downstream site, however, we found alarming results.
The data from the second half of sampling were
considerably lower than the other location, with some
days seeing results as low as 60% oxygen saturation.
It is suspected that this is caused by an input feeding
into the wetland that did not affect the upstream site.
Furthermore, there was high rainfall during the
months of January and February which would have
caused faster travelling water and therefore an
increase in aquatic oxygen levels at the narrower
upstream site. This excess water could have spread
out across the open wetland, which may have been
why there was less of an increase at the downstream
site.



3.4 Stream Flow

Significant variation between days could be seen in
the stream flow velocity data. The upstream site
showed a range between 12m/s to 35 m/s throughout
testing, while the downstream site had results
between 10m/s to 36 m/s. These large ranges may be
due to a number of factors. Sampling was executed
during the winter when heavy rainfalls sporadically
occur in Victoria, which was a contributing factor to
any variation during the sampling period.

Table 2: Results of Water Quality Tests From the Upstream
Location Throughout Testing

11/20/ |11/27/ | 12/03/ | 12/09/ | 12/19/ | 01/08/ | 01/14/ | 01/22/ | 02/05/ | 02/24/
25 25 25 25 25 26 26 26 26 26

pH 7.4 7.4 76 7.4 7.4 7.8 7.4 7.4 7.4 7.4
Turbidity 120 53 33 45 49 95 108 110 120 120
(cm)

Temperatur | 0.0 1.0 1.0 3.0 1.0 1.0 1.0 1.0 6.0 15
e Difference
(water/air)
(°)

Oxygen 75 920 75 75 90 93 99 80 98 79
Saturation
(%)

Stream flow | 0.282 |0.673 [0.382 [0.781 |0.781 |0.605 |0.776 |0.389 |0.503 |0.340
(m/s)

Table 3: Results of Water Quality Tests From the
Downstream Location Throughout Testing

11/19/ | 11/22/ | 12/03/ | 12/11/ |12/19/ | 01/9/2 | 01/15/ | 01/22/ | 02/05/ | 02/26/
25 25 25 25 25 6 26 26 26 26

pH 7.6 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.4 7.0

Turbidity 120 35 296 (752 (689 |22 66 83 7 110
(cm)

Temperature | 1.5 1 2 0.5 1 1 0 0.1 3 0.1
Difference
(water/air)
(©)

Oxygen 88 920 74 85 80 63 82 65 88 60
Saturation
(%)

Stream flow |0.278 |0.806 |0.479 [0.961 [0.853 |0.387 |0.543 |0.403 |0.466 |0.329
(mis)

3.5 Water Quality Index

Throughout testing, both sites consistently had either
acceptable (30-40) or good (40-45) ratings on the
water quality index. Chum salmon spawning occurs
around November, during the beginning of testing.
During this time, the water quality at the upstream
site was found to be highly acceptable (see Table 4).
The downstream site showed greater variation in the
early winter months, but ultimately was found to
have generally acceptable conditions. The second
half of testing was when the egg box would have

been implemented into Bowker Creek. During this
time, the upstream site followed similar trends to the
first months of testing, with all data showing that the
water quality was acceptable to good. The
downstream site, however, showed a decline in water
quality when compared to previous months. Quality
varied from the low end of acceptable to good.
Despite this, it was found that the results from both
locations are still suitable for young salmon.

Table 4: Overall Water Quality Results for Each Test Day
From Both Sampling Focations

11/19/2 | 11/22/2 | 12/03/ | 12/11/2 | 12/19/ | 01/9/2 |01/15/ |01/22/ |02/05/ | 02/26/
5 5 25 5 25 6 26 26 26 26

Upstream [ 40.16 | 3851 [37.33 |38.10 [40.89 |36.16 [4315 |36.63 [4048 |37.21
Site

Downstream | 42.44 | 40.45 |3853 |37.04 [34.92 |3304 |40.64 [36.39 [37.28 3551
Site

3.6 Results Of Advanced Stream
Assessment

Table 5: Advanced Stream Assessment Results for the
Downstream Site

Characteristic Results Good Acceptable | Marginal Poor Score
1: Streambed 28% 15-20 10-15 5-10 0-5 85
material: % boulder 50% 30 - 50% 10 - 30% <10%
and cobble
2: Embeddedness | 60% 15-20 10-15 5-10 0-5 6.5

25-0% 15 - 25% 75 - 50% > 75%
3: Instream cover 0 15-20 10-15 5-10 0-5 0

>3 2-3 1-2 <1
4: 9% Pool habitat 2< 1-15 7-11 3-7 0-3 2
<2% stream slope | % slope | > 60% pool | 50-60% | 40-50% | <409
2-5% stream slope > 50% pool | 40 - 50% 30 - 40% <30%
>5% stream slope > 40% pool | 30 - 40% 20 - 30% <20%

26%
9% pool

5: Off-channel 0(none) | 11-15 7-11 3-7 0-3 0
habitat: ponds, Year Seasonal Seasonal Little or
side channels with round, good minimal none, no
protection from good d p i
flood flows protection n
6: Bank stability: 16.5 1n-15 7-11 3-7 0-3 14
evidence of Stable Moderately | Moderately | Unstable
erosion or bank none Stable unstable lots
failure some some
7: Bank vegetation: | 64% 8-10 5-8 2-5 0-2 4
% stream bank >90% 70 - 90% 50 - 70% <50%
covered by
vegetation
8: Overhead 26% 8-10 5-8 2-5 0-2 5
canopy: % bankfull > 30% 20 - 30% 10 - 20% 0-10%
channel overhung
by trees and
shrubs
9: Riparian zone: # | 42 8-10 5-8 2-5 0-2 5
bankful channels 2ormore | 1-2 <1 0

Abundant Good Common, Sparse

on whole species few or

floodplain mix species absent
Total Score 43 102-135 | 66-102 30-66 0-30 Marginal




Table 6 - Advanced Stream Assessment Results for the
Upstream Site

Characteristc Results Good Acceptable | Marginal Poor Score
1: Streambed 60% 15-20 10-15 5-10 0-5 16
material: % boulder 50% 30 - S50% 10 - 30% <10%
and cobble
2: Embeddedness 11% 15-20 10-1 5-10 0-5 17

25-0% 15 - 26% 75 - 50% > 75%
3: Instream cover 0 15-20 10-15 5-10 0-5 0

>3 2-3 1-2 1
4: % Pool habitat un 3.7 0-3 1
<2% stream slope > ) 50 - 60 40 - 50% <40%
2-5% stream slope > 50% pool 40 - 5 30 - 40% <30%
>5% stream slope > 40% pool | 30 - 40% 20 - 30% <20%

0%
9% pool
§: Off-channel habitat: | 0 (none) | 11-15 7-11 3.7 0-3 0
ponds, side channels Year round, | Seasonal Seasonal, | Limle or
with protection from good good minimal none, no
flood flows protection protection protection protection
6: Bank stabiity: 7 1-15 7-1 3-7 0-3 7
evidence of erosion Stable Moderately | Moderately | Unstable
or bank failure none Stable unstable lots
some some

7: Bank vegetation: % | 87.5% 8-10 5-8 2-5 0-2 7
stream bank covered > 90% 70 - 90% 50 - 70% <50%
by vegetation
8: Overhead canopy: 75% 8-10 5-8 2.5 0-2 9
% bankfull channel >30% 20 - 30% 10 - 20% 0-10%
overhung by trees
and shrubs
9: Riparian zone: # 8-10 5-8 2-5 0-2 3
bankful channels 2 or more 1.2 <1 0

Abundant Good Common, | Sparse or

on whole species fow absent

floodplain mix speces
Total Score Marginal | 102 - 135 66 - 102 30-66 0-30 60

3.7 Streambed Material Results

The purpose of measuring the sizes of streambed
material is to make sure that the ground is suitable for
salmon to spawn. Salmon make a nest in the sand to
lay their eggs in, so the sediment must be fine enough
to allow this. If it is too fine, the nest will collapse on
top of the eggs, smothering them. Therefore, there
must be enough boulder and cobble in the streambed
to prevent this. Enough gravel is also important
because an abundance of fine sediment could cause a
large amount of turbidity, which is harmful to fish.
This was measured by reaching into the sediment and
picking up a small handful of rocks and sand. Each
particle was then measured according to Table 1.
Additionally, a low recording of embeddedness is
important since it means that the sediment will be
free and loose, which will prevent excess silt.
Embeddedness was recorded by estimating the depth
in which the larger pieces were stuck into the finer
ones. For the upstream site, there was a recorded
amount of 60% boulder and cobble. This is ideal for
salmon because it means that eggs will not be
smothered by an excess of fine sediment. Meanwhile,
the downstream site recorded only 28% of boulder

and cobble. This is marginal, as it remains possible
that the sediment could still collapse on the eggs.
Additionally, there is a low amount of embeddedness
(11%) in the upstream site, which is beneficial, but
there is a higher amount (60%) in the downstream
site.

3.8 Instream Cover Data

Instream cover includes large rocks or woody debris
that lies in the water. This is vital to the growth of
salmon because it protects the eggs and the fry from
predators such as ducks, and it helps to keep the
water temperature stable by providing shade. It is
also important because it gives the newly hatched fish
a place to live and hide until they are strong enough
to emerge. For both sites, there was no visible
evidence of instream cover, which is inadequate for
the growth of salmon.

3.9 Pool Habitat Percentage

Pools are calm segments of a stream, and these
locations are typically where returning salmon would
lay their eggs. Pools are important because they
provide a safe place for the eggs to grow and hatch.
They form in areas of low water movement, so the
water is typically cleaner because sediment stays at
the bottom, instead of being pushed along by heavier
flow. Ideally, around 50% pool habitat or more is
good for salmon. There was not a large difference
between sites, but downstream showed more
evidence of pools. There were two pools recorded
downstream, in comparison to one in the upstream
section. Although, the upstream section is typically
slower and calmer, even though the pool habitat is
sparse.

3.10 Overhead Cover Results

Salmon eggs are very sensitive, so the temperature of
the water is very important. Overhead cover provides
shade in the form of trees or bushes, which keep the
conditions stable and cool. In order for salmon eggs
to survive, the water must stay consistent in terms of
temperature, and shade is the ideal way to do this.
The upstream site has numerous trees on both sides



of the stream. The banks are healthy in this sense, and
there is approximately 75% cover in this area. This is
very satisfactory because it provides shade over a lot
of the water, giving it constant temperature stability
year-round. On the other hand, the downstream site
only grants 26% cover. The only thing providing this
is a large tree overhanging the creek, while there are
many trees on the banks of the other site.

3.11 Bank Stability

It is important for the health of the stream and
everything that lives in it for the banks to be stable.
This way, they will not easily erode and the water
will stay clear and healthy. If the banks are not stable
enough, they will fall apart and the sediment will
taint the water. This is not acceptable for salmon as
they need non-turbid water to survive. For this to
happen, there needs to be plenty of plants growing in
the riparian zone. The plant's roots help to keep the
banks together, and therefore prevent erosion from
occurring. The stability was measured by counting
the places on the banks with evidence of active
erosion. The upstream site had an acceptable amount
of stability with seven places with active erosion. On
the other hand, the downstream site was better, with
14 places with evidence of erosion. Vegetation is
measured by recording the lengths of banks without
vegetation within ten metres up and downstream
from the site. There was a visible difference between
sites. The upstream site recorded a good figure of
87% of the bank covered by vegetation. The
downstream site, on the other hand, only recorded
64% vegetation, mostly due to the left bank being a
large concrete wall.

3.12 Riparian Zone

The riparian zone is the area between the stream and
the uplands, and its health is vital to the well-being of
the stream. A large biodiversity in the riparian zone is
important because of the benefits from all plant
species. Trees help provide shade, which controls the
temperature of the water, while large groups of plants
filter pollutants and help keep the banks stable. The
riparian zone is measured by width; it is recorded as
the amount of bankfull channel widths could fit into

it, extending outwards. For example, if the riparian
zone is double the width of the bankfull channel, this
is recorded as two. Both sites were similar as they
each promoted moderately healthy banks, with one
bank being considerably larger and more biodiverse
than the other. The upstream site’s riparian zone was
documented as three, while the downstream site was
recorded as five. According to Table 4, the
downstream location is on the brink between
‘acceptable’ and ‘marginal’, while the recordings for
the upstream site are strictly ‘marginal’.

4. Discussion

4.1 Test Relevance For Salmon Growth

The pH level impacts a salmon’s ability to breathe,
keep a proper salt balance, and reproduce
successfully. Optimal pH levels for salmon growth in
freshwater is between 6.0 and 8.5. Extremely acidic
or too basic pH levels can damage the fish’s gills and
skin causing excessive mucus production that make
breathing difficult, or kill them directly. Acidic water
disrupts the balance of sodium and chloride ions in
the fish blood, potentially leading to circulatory
failure and eventual death. High pH levels convert
ammonium into highly toxic ammonia, which can
damage their gills and reduce their ability to absorb
oxygen. Consistently high or low pH levels inhibit
fish growth development and negatively impact
reproduction rates [20].

Turbidity is the measure of the cloudiness, caused by
suspended silt, clay particles, or organic matter in a
body of water. This is a critical water quality
parameter for salmon, since high turbidity levels
negatively damage their physical health, impede
feeding, destroy habitats, and reduce their overall
survival rates. High levels of suspended particles can
physically hurt or clog delicate salmon gills. If the
gills are sufficiently damaged or clogged the salmon
is unable to obtain sufficient oxygen, which can
cause stress or death. Rough sediments can result in
infections of injured gill tissues. Salmon rely on their
sight to catch their food. Dirty water makes it more
challenging for fish to locate their prey, causing them
to expend more energy to find sufficient food,



resulting in reduced growth rates and poor overall
health. When particles that are suspended in the
water eventually settle, then can smother a streambed
resulting in eggs not receiving enough oxygen and
salmon fry being trapped under the layer of sediment
leading to high mortality rates. Silt can also fill in
deep pools of water that salmon use to rest and
obstruct their migration path. Another complication
is that particles suspended in water absorb sunlight,
which increases water temperature, which in turn
decreases oxygen solubility. Higher turbidity levels
also reduce light penetration in water, which also
decreases the amount of photosynthesis, which
results in reduced dissolved oxygen levels in the
water. The ideal water turbidity levels range from
100cm to 120cm [21].

Water and air temperatures are directly related
because as the air heats or cools, so will the water
temperature. A lower water temperature leads to a
decrease in the risk of fish diseases occurring. As the
water and air temperatures rise, the amount of
dissolved oxygen found in the water decreases. Cold
water holds more oxygen than warm water. Warmer
temperatures can result in increased algae growth,
which can stress aquatic life [21].

Dissolved Oxygen or oxygen saturation is a critical
factor for salmon development as they rely on it to
support their high metabolic demands for oxygen,
especially for egg development and fry growth. Low
levels of oxygen can lead to reduced swimming and
feeding which increases stress and mortality levels.
Salmon gills extract dissolved oxygen from the water.
Eggs need adequate oxygen flow through the stream
bed to prevent premature hatching and smaller fry
sizes. Low oxygen levels affect juvenile and adult
salmon as well. This is because they may experience
extreme stress and reduced growth and development,
which will limit their ability to swim and hunt for
food. The more oxygen that is present, the less
pressure is placed on the salmon’s immune system,
which makes the fish more disease resistant. There is
less oxygen in warm water, which means that during
droughts and summer months, the salmon can die.
Additionally, the warm water also increases their
metabolic rate and need for oxygen to survive [22].

Stream flow velocity is an important measurement to
determine how favorable one location might be over

another. The flow of water is critical for keeping
spawning salmon beds well oxygenated. Low
velocity or stagnant water can lead to deficient
oxygen levels which results in salmon eggs and
alevins suffocating. Salmon use water velocities as a
clue on how to navigate their stream. For example,
high-velocity spring runoff flows may signal to
juvenile salmon that it is time to move to the sea.
These high flow events also assist young salmon in
avoiding predators and passing hazardous areas,
which increases their survival rates. Faster moving
water allows young fish to conserve energy by “drift
feeding,” where fish wait for food to be carried past
their location. Returning adult salmon may use water
flow as a “scent marker” to find their home stream.
Moderate water velocities result in better growth
rates for salmon. Steady flow rates also help to
beneficially redesign rivers by moving sediments off
of gravel beds. These beds are used for spawning and
creating deep water pools where fish can rest.
Flooding can wash away the gravel beds used for
laying eggs. Reduced water flow or drought
conditions also negatively impact juvenile fish
survival rates. Lastly, higher water flows helps to
keep water temperatures lower, which prevents
overheating during hot summer months and keeps the
water sufficiently oxygenated [23].



4.2 Upstream Site Description

Figure 9: Photo of the Upstream Site,
Taken By Luc Hodkinson

The upstream site is located near the outdoor athletic
track at Oak Bay High School. This narrow stretch
of water, as wide as 1.8 metres in certain locations, is
surrounded by growing trees. The water mostly
flows freely downstream, with very few slower
moving pools or other side channels. One side of this
stream comes up against a concrete wall that supports
the track. The other side is covered in shrubs and
trees and is close to an urban path which runs along
Bowker Creek.

4.3 Downstream Site Description

Figure 10: Photo of the Downstream Site
Taken By Luc Hodkinson

The downstream site is approximately 200 meters
away from the upstream location. The water quickly
flows by a narrow rock wall along this site before
opening up to a fast channel. It continues along the
solid rock wall on one side, but the other streambank
contains reeds and wetland side eddies, where slower
water pools. Overall, this section of the stream is
more like an open wetlands portion of a river where
ducks congregate. However, there are fewer trees
covering this stretch of the stream.

4.4 Stream Evaluation

The group used the periodic testing results to
compare the upstream and downstream sites at
Bowker Creek. The upstream site had fairly steady
pH readings throughout the testing period from
November 2025 to February 2026. The turbidity
levels showed strong seasonal variation in levels.
Other than two testing dates, the temperature
difference between air and water was fairly minimal.
Dissolved oxygen levels were never lower than
seventy-five percent; and, half of the testing results
showed levels at ninety percent or higher.



In comparison, the downstream site also has
consistent pH readings, but its turbidity readings
showed even greater variation than the upstream site.
The temperature difference readings were steadier
than the upstream site. The downstream site
temperature difference range was 0.1°C to 3°C.
However, the downstream site had lower oxygen
saturation levels than the upstream site. It only had
one reading at ninety percent and several low
readings of the mid-sixties. Stream flow results were
generally better for the downstream site in 2025 and
better for the upstream site in 2026. This shows the
seasonal variation in water flows through differently
structured stretches of Bowker Creek.

For the purpose of this study, an Advanced Stream
Assessment was completed on December 23, 2025 at
both sites.  This assessment evaluated various
indicators of creek habitat quality, including stream
bed materials, embeddedness of the rocks, instream
cover, pool habitat stream slope, off-channel habitat,
bank stability, bank vegetation, overhead canopy
cover, and riparian zone condition. Collectively,
these characteristics were assessed to provide insight
into the stream’s channel stability, habitat suitability,
complexity and the overall ecological health of the
stream system.

The analysis of the Bowker Creek upstream site
revealed acceptable scores for most of the criteria
used in the Advanced Stream Assessment, but
comparatively low scores for the categories of
instream cover, pool habitat percentages, and
off-channel habitat availability. Instream cover refers
to the structural elements immediately above and
within a water channel, including such features as
wood debris of various sizes, undercut banks,
boulders, rocks, instream vegetation, plants hanging
over the water surface that provide shade and hiding
places, and deep pools of slow moving water. Upon
closer observation, there is limited evidence of side
channels, backwater areas or slower flowing eddies
for the upstream site. These characteristics might
make it a challenge for fish to locate possible areas of
low velocity refuge in the stream, especially during
periods of high creek flow such as during high
volume winter rains. The pool percentage habitat
analysis measures the width of a stream covered in
water during low-flow conditions. An optimal stream
location provides young salmon with a broad mix of

habitat types, including a high proportion of deep
pools, gliding water zones, and riffle areas, which
provide varied water flow regimes. Within the
various types of pools, woody debris, boulders,
undercut banks, and or instream vegetation provide
cover for developing fish.

In contrast, the Bowker Creek downstream site
showed mostly marginal to poor outcomes for most
of the Advanced Stream Assessment criteria. The
downstream site only showed promise for good bank
stability and because of the reed covered areas, there
were some seasonal areas of slower moving water.
The downstream location also has fewer trees
shading its water, which means that this portion of
the creek would be subject to greater temperature
fluctuations, especially during the hot summer
months.  Increased water temperature negatively
impacts the dissolved oxygen levels.

Consequently, it is evident that the better potential
location for the second salmon egg releasing station
is the upstream site, as it scored slightly better on the
ten overall test samples for pH, turbidity, temperature
differential, saturated oxygen levels, and stream flow.
Additionally, it showed more promise as a hatching
site using the Advanced Stream Assessment criteria.
Even though the upstream site should be the preferred
location, it has some shortcomings for three of the
Advanced Stream  Assessment characteristics,
namely: instream cover, percentage pool habitat, and
reduced off-channel habitat.

Despite the aforementioned structural challenges at
the upstream site, the three observed limitations could
potentially be mitigated through targeted creek
habitat restoration and enhancement measures similar
to those implemented in Goldstream Provincial Park
and Colquitz Creek Park. These comparable stream
restoration  projects have demonstrated that
restructuring initiatives, such as developing side
channels and expanding the types of water pools
available and intentionally placing a mix of large and
small woody debris can significantly enhance the
survival rates for salmon eggs released into a stream.
Similar restoration strategies could be applied to
Bowker Creek. For example, the Friends of Bowker
Creek could increase habitat and pool type diversity,
provide greater shade and temperature stability,
improve overall stream health and create more



sustainable conditions capable of supporting salmon
populations over the long term.

4.5 Comparable Local Salmon Rivers

Colquitz River:

Since 2019, volunteers and community partners have
successfully restored over 300 metres of the Colquitz
River, which resulted in 465 salmon returning to
spawn in 2022. This restoration work has included
the construction of manmade riffles, which provide
protection from predators, an increase in dissolved
oxygen levels through stream flow disturbance and
sheltering pools of slower moving water, and
improving the upstream spawning gravel beds to
ensure the proper sized rocks are situated there. In
addition, three Newbury weirs have been installed,
which are low, v-shaped rock structures built across
the stream to control water flow, while still allowing
salmon to swim upstream. They help stabilize stream
banks, create deeper water in the center of the
channel, and make upstream passage easier for
migrating salmon. These structures are particularly
necessary to foster the Chum salmon, which do not
have the same ability to jump as other salmon species
and are particularly sensitive to migration barriers
and altered channel gradients [24].

The restoration project also selectively added woody
debris to enhance the fish habitat and large boulders
to stabilize the riverbank during seasonal high water
flows and prevent soil erosion. In addition, the
volunteers monitor the river flow, plant native
vegetation along riverbanks to provide shade, organic
material and improve riverbank stability. They also
remove invasive species, like Himalayan blackberry
and common ivy, to ensure the native plants grow.
The continuous monitoring of all these enhancements
has led to the return of spawning Coho and Chum
salmon in the park [24].

The local municipality built split-rail fencing to
prevent dogs and humans from contaminating the
restored river portions. Improved signage was
erected so the public understands the important
restoration work being conducted and instructs park
goers to stay on designated paths. They also built
viewing platforms overlooking the river so citizens

can safely watch the spawning salmon without
disturbing their reproductive efforts [24].

Goldstream River Park:

One natural characteristic which makes Goldsteam
Park waters ideal for the Chum salmon, is the coarse
gravel bed that lies beneath the stream. Another
characteristic of note is the cool water, which holds
more dissolved oxygen. The pebbles allow water to
flow in between rocks and increase the amount of
oxygen reaching salmon nests, called “redds”. The
gravel also protects the newly hatched alevins from
being washed away during winter storms or being
eaten by predators like birds. For the Coho and Chum
salmon, the gravel must be the right size of between
one to fifteen centimeters. This will allow the female
to make an indentation in the stream floor and bury
her eggs, with just the use of her tail [25].

Another example of these restoration efforts include
the removal of large boulders that have fallen into the
river beds, which would otherwise block salmon
movement, installing spawning gravel beds, and
relocating large pieces of wood downstream to
support side pools or eddies. In addition, more native
plants were planted close to the stream beds to
increase biodiversity and stream cover. There is also
a volunteer-led local hatchery, which incubates,
monitors, and raises salmon eggs to increase the
salmon frys’ survival rates. As recently as last
September 2025, efforts were made to fence off
certain areas of the streams to lower the impact of
human footprints in or near the stream shoreline. This
was also to prevent the dogs from eating salmon
carcasses. This is crucial for the salmon life-cycle
because as the fish decompose, they provide nutrient
rich waters, which help salmon fry to thrive. These
fences also prevent the dogs from urinating or
defecating into the streams, which indirectly releases
unwanted pathogens and negatively affects the
overall water quality of the streams. All of these
combined efforts have contributed to turning
Goldstream Park into a much more productive
salmon spawning body of water [25].



5. Conclusion

In efforts to restore Bowker Creek to a functioning
watershed, the Capital Regional District implemented
a 100-year action plan as part of the Bowker Creek
Blueprint. This plan supported the efforts of Friends
of Bowker Creek to add an initial salmon egg box.
They did this after conducting environmental testing
under the supervision of the Department of Fisheries
and Oceans. Oak Bay High School was approached
by Friends of Bowker Creek in Fall 2025, as they
were interested in looking at a location near the
school for a second Chum salmon egg box in the
creek. The goal of our project was to determine the
best location to place this additional box, which could
also function in a public education capacity. There
was a focus on returning Bowker Creek to being a
salmon-bearing stream in the future and raising
public awareness about how to protect this waterway.
Following the completion of our project, a copy of
the project paper will be provided to the Friends of
Bowker Creek organization, which they will use to
determine the most suitable location for the second
salmon egg box in Bowker Creek. Friends of Bowker
Creek will collaborate with the hatchery at
Goldstream Provincial Park to provide Chum salmon
eggs for this initiative.

The Advanced Stream Habitat Survey focused on
collecting detailed quantitative data to assess the
physical health, structural complexity, and long-term
changes of a creek's habitat. In comparison, the Water
Quality Survey is dedicated to determining general
stream flow health. Tests were conducted at two
potential locations. The downstream site was located
in an open wetland, while the upstream site was in a
sheltered environment, making the upstream site a
more suitable location for the implementation of a
second box. Additionally, this site was seen to be a
constant and stable location, showing better results
from the Stream Bed, Overhead cover, and Water
Quality Surveys. The downstream site showed stable
and acceptable conditions with minimal evidence of
bank erosion, but a decline in the water quality

appeared during the late winter months. This, along
with the lack of overhead cover and the stream bed
results, would make it less suitable as a habitat for the
Chum salmon egg box.
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Abstract

Water is a very important resource in our city - Gulbene,
because it plays a big role for our environment, wildlife and
humans. There are many ponds here, but no swimming
places, so it is important to examine some of the ponds in
our area. It will be interesting to find out if the chemical
quality of the water meets bathing water standards and if
there are any signs of pollution or imbalance. The ponds we
will be researching are Dzirnavu pond, Emzes pond, pond
in Sparites park, Asaru pond, pond in Skolas street

Keywords

courtyard. To know the pollution intensity and chemical
factors, the methods we will be using are oxygen
concentration determination with sensor and indicator,
spectrophotometry as well as qualitative ion determination.
We predict that after this research we will get to know that
the ponds are polluted and not suitable for usage according
to the visual condition that they are overgrown. In the end
we will be able to determine the causes of pollution,
suggest practical solutions and raise awareness of the
problem

Water pollution;, Chemical pollution; Water quality; Surrounding environment

Introduction

This experiment was conducted to understand how polluted
our ponds are and how safe it is to use them. Water samples
were collected from 5 different ponds and one of the
methods that we used was titration, to find out how dirty is
water in our local area. After experiment we learned that
absorption[3] in every pond is zero, that means that water
didn’t absorb any dirt or pollution. The other method was
qualitative analysis of ions[1], where we tried to determine

About city — Gulbene

Gulbene is a city in the northeastern part of the Vidzeme
region of Latvia located 186 km from Riga, the capital city.
The name “Gulbene” originates from the Latvian word
“gulbis”, which means “swan”, because swan is the main
symbol of Gulbene, and legends say that the place where
the city now stands was once a paradise for swans. The
town is well-known for its rich history, cultural and
historical heritage - its surrounding area offer attractions
such as Vecgulbene Manor, Stameriena Palace, and the

whether there were any excess ions present, but we did not
find any, which means that the water is of good quality, but
we can’t be one hundred percent sure, because we could
have made some mistakes during the experiment. At the
same time, we found out that normal amount of oxygen,
that should be in water is 6-10 mg/L[2] and all 5 ponds had
right amount of oxygen. After experiment we can say that
our local ponds are safe to use for ourselves.

Gulbene District History and Art Museum, where visitors
can explore the region’s cultural history. What is more, it is
the only place in the Baltics where a narrow-gauge railway
train regularly operates. About the nature - more than 200
hectares of the city’s territory are covered by magnificent
parks, as well as Latvia’s longest river, the Gauja River,
winds through the district. The city has SIA "ZAAQ" as the
new waste management company of Gulbene which helps
to reduce pollution and protect nature.


mailto:anda@gnvsk.lv

Primary reason of our research

Very sole and important motive of the conducted research
was to examine, gather and test water samples from city’s 5
main ponds to ascertain if the bodies of water have optimal,
safe environment which would indicate their compatibility
with the city itself. The experiment not only reassured and

Description about the ponds

e Dzirnavu pond:

It is in populated area. Next to it there is a workshop,
LPG station, manor, garages, former brewery and private
houses. One of the sources of pollution could be human —
caused pollution and industrial waste from the workshop
and chemical substances from the LPG station. However, it
does not have pronounced smell and is transparent, the
visual condition is bad - the water colour is greenish brown
with aquatic plant sediments and foam. The environment in
this place is overgrown with algae and grass. In the water
can be seen small grass insects and worm — like creatures.
Some waterfowl tend to inhabit this area.

e Emzes pond:

Located in Emzes park. Next to it there is only car
service, mostly — forest around. The pollution may be little
due to water transparency, colourlessness and no specific
smell - very few people visit the area because it is far away
from the city centre. The bottom of the pond and the shore
is overgrown and with brown tree leaves and algae. Mostly
found animals in the area are small insects, ducks and birds.

e Sparites pond:

Located in Sparites park near school, highway, forest
and Asaru pond. People regularly visit this park. It is tidy,
not overgrown with green shore. Might be polluted from
litter and human activity. The water sample is transparent
with a little brown tint and no specific smell. Small insects

confirmed water quality of city’s ponds, but it also as well
provided an insight to the surrounding environment — what
makes it a threat or problem for water reservoir? Is it
compatible with living organisms? What could be done to
resolve the problem? With that in mind this examination
may also raise awareness of water quality and aquatic
lifeform conservation where it would benefit investigation
even more.

e Asaru pond:

Located in the park. Next to the pond is forest, school
and sports stadium. The environment around is slightly
polluted most likely from people and students who tend to
visit the park - next to the shore there are some litters. The
bottom of the pond is overgrown and covered with brown
tree leaves. The water colour is mostly transparent with a
slight brown tint and there is no pronounced smell. There
are little signs of life in the water — small number of insects
like ants. Animals visible in the area are small birds.

e Skolas street pond:

Located in a highly populated area. There are private
houses, a parking lot around it. The water sample is
transparent with no smell, however the colour in the pond
seems to be polluted due to its green colour, muddiness, the
number of algae and substances on the pond’s surface.
Main pollutants might be litter and exhaust fumes from
cars. Sometimes ducks and frogs can be found in this area.

can be found, but mostly animals like ducks and birds
(There used to be swans there), sometimes — forest animals.
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Pollution

There are many different types of water pollution like
ground water pollution, urban storm water runoff,
agricultural, atmospheric and chemical pollutants,
pathogens, pesticides and herbicides, sediment pollution
and saltwater intrusion. For the selected ponds these types

Method of the investigation

For our investigation we chose 5 ponds: Dzirnavu,
Emzes, Sparites, Asaru and Skolas street pond. In 16" and
17" of April we collected water samples from the shore of
each pond, however, from Dzirnavu pond we collected 2
samples from 2 different shores because of its large area. In

Summary and conclusion

Process and results

In this year’s 16™ and 17" of April all samples were
collected from the 5 main city’s ponds. For every pond
there were two water selections from different locations in
the reservoir (mostly shoreline). All samples were amassed
in laboratory and tested in following morning. Here are the
results:

e  Using qualitative analysis of ions[1], it was
determined that mainly there was no unnecessary

of pollution are relevant: urban storm water runoff mostly
due to snow melting, pesticides and herbicides might have
an effect depending on park maintenance, chemical
pollutants because some of the ponds are near roads where
vehicle related pollutants can affect the water[4].

17" of April, we determined the oxygen concentration[2],
used the spectrophotometry[3] method and performed
qualitative ion determination[1] in all the samples and
recorded the results obtained to get to know about pollution
and overall water composition.

excess or oversaturation of ions, such as
Fe?*; Fe3*; Cu®*;C0%7;S% and SO?™ ones.

e By also looking at pH[5] level with the help of
universal indicator it was found to be on average
~7 - 6 (mainly neutral).

e  With the help of electrochemical probe (sensor)
results showed that on average oxygen
concentration in water samples were 7,5% or
75000ppm, which is quite suitable for environment
considering the optimal range is 6-10% [1].

e  After reviewing experiment results, it was
discovered that all water sample’s absorption[3]
was 0, which meant that none of the ponds soaked
up any harmful chemicals or substances.



Water sample quantitative analysis

Emzes pond |Asaru pond |Sparites pond |Skolas street pond|Dzirnavu pond (first end) |Dzirnavu pond (second end)
pH 6 7 6 6 6 7
Oxygen level 7,6% 7,8% 7,7% 7,3% 7,7% 7,4%
lons No excess ions |No excess ions [No excess ions |[No excess ions No excess ions No excess ions
Spectrum
analysis 0 0 0 0 0 0
Conclusion that the ponds water chemical composition was

Overall, the investigation about water quality in the city’s
main ponds, considering the expected outcomes, has turned
out successful enough. Starting with research proposal — for
years Gulbene’s residents, including us, has been
questioning the state of city’s main ponds since they aren’t
always in the municipality’s focus. We finally decided to
put end to this question by conducting the research and
getting the necessary answer.

After conducting several methods to each water sample
and then analysing the results it was deduced that every
pond’s water quality is as following: the environment is
mainly neutral, there isn’t any excess or oversaturation of
ions, pH concentration is entirely appropriate, and water
absorption is 0, meaning minimal pollution whatsoever.

Given that the results are superb it can be reasoned that the
water quality and environment in all the city’s main ponds
is compatible not only with the city itself, but also with the
wildlife as well. However, our research process and
situation isn’t ideal for few reasons:

e  This year the winter season was very rich in
snow, and when the spring came by all
accumulated snow melted away. This meant
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cleansed, therefore making sample results seem
positive.

e  Our school does not have more specific tools
and devices to analyse an additional data of
water’s chemical composition, for instance
water’s biological pollution, thus limiting this
research’s range.

e  Human error is also likely to have had
influenced the results, since nearly every
measurement was conducted and confirmed by
a person.

e  Since this research — it’s measurements - was
based only on one period the results can’t be
fully interpreted, therefore it would be logical if
examination was conducted again in other
seasons, such as summer.

If these doubts are taken in, it means that our research is not
completely and thoroughly conducted, leaving some parts
uncertain. Despite having few uncertainties, these results
could also encourage others to focus more on conserving
water reservoirs by regularly checking water quality,
removing possible pollution sources from surrounding
environment and managing life form balance in body of
water, therefore keeping the nature prosperous and
preserved[6].
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