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Eutrophication is one of the most problematic processes that happen as a result of human activity. By searching and analyzing
scientific literature, this paper summarizes the effect of eutrophication on marine ecosystems, with a particular focus on coastal
regions. Although eutrophication has been thoroughly reviewed, the specific impacts of wastewater have not been. This review
addresses that gap by focusing on wastewater-driven eutrophication in coastal marine systems. The paper covers the causes and
effects of eutrophication through wastewater composition and its effects on coastal marine ecosystems. It identifies wastewater
discharge as a major contributor to nutrient loading, highlighting nitrogen as the primary pollutant driving eutrophic conditions.
Over the past century, eutrophication has intensified globally due to increasing anthropogenic waste. The paper explores the key
mechanisms behind eutrophication, such as explaining how these processes lead to the formation of a hypoxic “dead zone”. It
also explores things such as water stratification, a process that can intensify the effects of eutrophication on marine life. These
zones have far-reaching ecological consequences, disrupting food webs and affecting a wide range of organisms, including
jellyfish, crabs, and fish. These effects of eutrophication spread with the trophic cascade, harming land animals as well. In order
to prevent eutrophic effects, a wide range of mitigation methods can be implemented. Such methods include management of
septic systems and making sure wastewater is treated. Eutrophication, caused by wastewater, can have drastic effects on any
ecosystem. Future research can help reduce eutrophication around the planet, creating a healthier world.
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Introduction to human activity. Coastal areas, such as the Chesapeake Bay,
are vulnerable to eutrophication because of their proximity to
human activity. This causes the impacts in this region to be
especially severe.

Eutrophication has been extensively reviewed in the past,
most papers treating all nutrient inputs as a combined total.
Therefore, there is little existing literature that isolates the

contribution of wastewater to the nutrient load. This paper fo-

Industrial development has significantly increased the volume
of wastewater runoff into marine ecosystems. In 2022, an es-
timated 113 billion cubic meters of untreated wastewater were
discharged into the environment . Nitrogen, the primary pol-
lutant that drives eutrophication, is highly concentrated in this
wastewater. As a result, this influx of wastewater contributes

to anthropogenic eutrophication, a process in which excess
nutrients accumulate in a body of water? and promote exces-
sive growth of plant life, particularly algae. While nutrient
cycling is essential to the health and functioning of marine
ecosystems, elevated nutrient levels can disrupt this balance
and trigger eutrophication. The resulting overgrowth of plant
life depletes oxygen in the water, leading to the formation of
hypoxic “dead zones”. A body of water is considered hypoxic
when dissolved oxygen levels fall below 2 — 3 mg/L>.

Dead zones in marine ecosystems can lead to the
widespread death of aquatic organisms, particularly benthic
species such as crabs that inhabit the seabed. While dead
Zones can occur in various marine ecosystems, they are most
commonly found in coastal ecosystems due to their proximity
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cuses on the impacts of eutrophication in coastal ecosystems,
as they provide some of the clearest examples of how nutrient
overloading can destabilize marine environments. The paper
will begin by outlining the primary causes and mechanisms
of eutrophication, including wastewater discharge and the for-
mation of dead zones. It will then analyze the environmental
consequences of eutrophication, with a particular emphasis on
global dead zone occurrences. Finally, the paper will explore
the effects on marine life and conclude with a brief discussion
of strategies for mitigating and preventing eutrophication.

Methods

This paper used a literature review method. Databases such as
Google Scholar and the National Library of Medicine were
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queried for English language literature using the following
key words: eutrophication, anthropogenic waste, wastewa-
ter, algal bloom. Sources were classified into two categories
of acceptable references. Primary reputable sources were de-
fined as peer-reviewed research articles in scientific databases
such as PubMed or Web of Science. Secondary reputable
sources were defined as publications, datasets, and program
documents from established government and intergovernmen-
tal agencies. Such secondary sources include the U.S. Envi-
ronmental Protection Agency, the National Oceanic and At-
mospheric Administration, and the Chesapeake Bay Founda-
tion. If available, data and trends were obtained from primary
reputable sources, with secondary reputable sources used spar-
ingly for some statistics and definitions. A small number of
tertiary sources were used only for general definitions of well-
established concepts where primary sources provided equiv-
alent information. Relatedness was determined by topic rel-
evance to wastewater-driven eutrophication and to coastal or
estuarine marine ecosystems, with article abstracts screened
to confirm both topical fit and methodological rigor. Papers
older than 25 years were excluded unless they provided foun-
dational data and are commonly cited by modern papers.

The PRISMA diagram below summarizes how the screen-
ing process was done. Initial database searches in Google
Scholar and the National Library of Medicine specific key
words yielded about 200,000 results. Eight additional sources
were identified through direct visits to government and inter-
governmental agency websites. After looking at titles and ab-
stracts, 100 remaining papers were screened further and re-
duced to roughly 50 papers for being off topic. The remaining
fifty articles were then checked to be relevant, many being
removed because of similarities to other papers or outdated
quantitative claims. Ultimately, thirty one studies were in-
cluded in the final review.

Results

Causes and Mechanisms of Eutrophication

Coastal eutrophication is driven by anthropogenic nutrient in-
puts from multiple sources, mainly agricultural runoff (from
fertilizers and animal manure), municipal wastewater dis-
charge, and atmospheric deposition of reactive nitrogen from
fossil fuel combustion®. The relative importance of each
source varies by region. Agricultural runoff typically domi-
nates nitrogen loading in areas with intensive farming, while
municipal wastewater is a leading contributor in densely pop-
ulated coastal regions, particularly where treatment infrastruc-
ture is limited*. This review concentrates on wastewaters con-
tribution to coastal eutrophication while recognizing that over-
all nutrient loading reflects the combined effect of multiple
anthropogenic causes.

PRISMA Flow Diagram
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Wastewater is the most significant contributor to nitrogen
and phosphorus pollution in aquatic environments. Common
sources include cesspools and septic systems, which often re-
lease untreated or partially treated effluent. Direct discharge of
untreated municipal wastewater introduces concentrated nu-
trient and pathogen loads into receiving waters, with docu-
mented degradation of surface water quality following dis-
charge events>. Globally, approximately 48% of the total vol-
ume of global wastewater production is discharged into the en-
vironment without adequate treatment. The amount of treated
wastewater skews heavily based on the developmental status
of the country. Treated wastewater reaches about 80% of all
produced wastewater in North America and Europe, while the
number dips as low as 25% in Sub-Saharan Africa and Cen-
tral/Southern Asia®. In 2018, wastewater alone was estimated
to have released around 9 x 10°kgNyr~! into natural ecosys-
tems*. While the composition of wastewater varies by region,
nitrogen concentrations typically range from 20 — 85mg/L”.
For example, at the Penrith Water Recycling Plant in Aus-
tralia, Nitrogen was found to have an average concentration of
80.7 mg/L, making it the most prevalent pollutant in wastew-
ater. Phosphorus, another key nutrient that drives eutrophi-
cation, also appeared in high concentrations, ranking second
in abundance (Table 1). With industrial development, nutrient
levels in water have risen dramatically. Among these, nitrogen
is widely recognized as the primary nutrient driving eutroph-
ication. In marine ecosystems, nitrogen most commonly ex-
ists in the forms of nitrate (NO3’), ammonium (NHI), and ni-
trite (NO5 ), while phosphorus is typically found as phosphate
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(PO?[). Regardless of the specific chemical form, excessive
concentrations of these nutrients can cause eutrophication.

Table 1: Typical composition of raw (untreated) wastewater for
Penrith Water Recycling Plant in Australia, taken from Sydney
Water$.

Pollutant Average concentration (mg/L)
Nitrogen (total) 80.7

Phosphorus (total) 13.43

Aluminum 7.91

Copper 0.30

Iron 5.90

Zinc 0.91

Note: Some insignificant pollutants not listed. Nitrogen and phosphorus
levels included all types.

Although nitrogen and phosphorus are both essential for
primary production, their relative importance as limiting nutri-
ents differs systematically between aquatic environments. In
freshwater lakes, multiple experiments have identified Phos-
phorus as the primary nutrient cause of eutrophication. The
experiments showed reductions in phosphorus reliably revers-
ing eutrophication®. In coastal marine ecosystems, eutroph-
ication is primarily nitrogen-limited, which is attributed to
higher rates of denitrification, sulfate inhibition of biologi-
cal nitrogen fixation, and the rapid removal of phosphorus
through adsorption to marine sediments'?. This is why the
review has an emphasis on nitrogen as the primary pollu-
tant in regards to coastal marine ecosystems. Exceptions to
this generalization do exist: low-salinity regions such as the
Baltic Sea can support nitrogen-fixing cyanobacteria and shift
toward phosphorus or co-limitation, and many estuaries ex-
perience seasonal switches between nitrogen and phosphorus
limitation '%. For this reason, managing both phosphorus and
nitrogen are the favored approach when controlling eutrophi-
cation'!.

But how does eutrophication lead to decreased oxygen lev-
els? The process begins when nitrogen and phosphorus from
sources such as wastewater enter a water body. Both nutri-
ents are important for the growth of photosynthetic organ-
isms and have been shown to significantly increase their abun-
dance in aquatic ecosystems. For example, a study of Chi-
nese lakes found a strong positive correlation between total
nitrogen (TN) and chlorophyll-a (Chla) levels, the latter be-
ing a key indicator of photosynthetic activity'2. High lev-
els of chlorophyll-a suggest algal blooms and dense popula-
tions of other photosynthetic organisms. Although it might
seem that more photosynthetic organisms would increase oxy-
gen levels, this effect is temporary. The critical drop in oxy-
gen occurs during the decomposition of the algae. When
the algae die, bacteria decompose the organic matter through
aerobic respiration, consuming large amounts of dissolved
oxygen in the process. Given the short lifespan of algae,

large blooms are quickly followed by large-scale decompo-
sition, leading to oxygen depletion-often resulting in hypoxic
or anoxic conditions. While eutrophication is a natural pro-
cess that can occur over natural geological timescales, human
activities—particularly the discharge of nutrient-rich wastew-
ater—greatly accelerate it and pose a significant threat to the
stability of aquatic ecosystems.

Increased nutrient levels as a
result of wastewater

Algal Bloom

Sunlight blocked

Algac eventually die

Decomposcrs respire

Reduced
photosynthesis in
water

Decreased oxygen
levels, water
becomes hypoxic

Figure. 1 Flowchart of the steps of eutrophication, Original Figure.
Note: A dead zone is a zone of hypoxic water.

Impacts of Eutrophication

Environmental Effects of Eutrophication

One of the main environmental impacts of eutrophication is
the formation of dead zones, also known as hypoxic zones.
These are areas in aquatic systems where dissolved oxygen
levels fall below 2-3 milligrams per liter, rendering the en-
vironment uninhabitable for most marine life. Rare anoxic
zones do not accumulate often!?, but they can have an even
more severe effect on the surrounding environment. In these
zones, the state of deoxygenation reaches near zero-oxygen
levels 4.

In recent years, global levels of dissolved nitrogen have
risen substantially, coinciding with a rise in the occurrence
and severity of hypoxic zones worldwide. Coastal ecosys-
tems are particularly vulnerable due to their proximity to nu-
trient sources from land-based human activity. A study of over
15,000 rivers globally found that more than 10% exhibited hy-
poxic conditions, highlighting the widespread nature of the
problem !>, These dead zones are closely linked to eutrophica-
tion, as excessive nutrient input, especially nitrogen, triggers
the chain of events that depletes oxygen.

As shown by Figure 2, dead zones are distributed across the
globe, with the highest concentrations found along coastlines.
This distribution reflects the flow of nutrients from agricultural
runoff, wastewater discharge, and other land-based sources.
Areas with intense human activity, such as the coasts of Eu-
rope and North America, exhibit the highest density of dead
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zones. These zones consistently show dissolved oxygen lev-
els below 2-3 mg/L, reinforcing their direct association with

anthropogenic eutrophication '6.

A

Figure. 2 Worldwide distribution of dead zones (red) and coral reefs
(blue), reproduced from Altieri et al. (2017) 16,

Note: Global map with all known dead zones (red dots) and coral reefs where
hypoxia has been implicated in mass mortality of reef organisms (gold dots).

In many regions, the effects of eutrophication are worsen-
ing with time. The amount of hypoxic zones are increasing at
a global scale. The number of dead zones has approximately
doubled every decade from the 1960s to 2008 7. These docu-
mented dead zones have increased from roughly 10 recorded
sites in the 1960s to over 500 in 201818, In the Baltic Proper,
a sub-region of the Baltic Sea, hypoxic areas covered an av-
erage of 24% of the area, or approximately 60,600 square km
in 2018'°. This marked the highest extent of hypoxia since
1960'°. The Baltic Sea as a whole is one of the most affected
bodies of water globally, with some of the largest and most
persistent dead zones. The volume of hypoxic water in the
region continues to grow, driven largely by wastewater runoff
from surrounding countries. This case serves as a stark exam-
ple of the global rise in hypoxia and its escalating ecological
consequences.

Effects of Eutrophication on Marine Life

Eutrophication-induced dead zones can have a severe impact
on organisms inhabiting affected regions. The excess nutri-
ents introduced into these systems may benefit certain species,
such as algae and jellyfish, while harming other species, such
as fish and crabs. This imbalance can create an imbalance
in ecosystem stability and reduce biodiversity. A key con-
tributing process is stratification, which occurs when water
separates into distinct layers. This is typically due to either
temperature or salinity differences?’. While hypoxic condi-
tions can directly cause the death of aquatic organisms through
oxygen deprivation, the impact is not always so direct. Strati-
fication often limits mixing between oxygen-rich upper layers
and deeper layers, low oxygen hypoxic zones being concen-
trated at the bottom. This reduced mixing can shrink the hab-
itable zone for many species, particularly fish. As Wang?®
explains, stratification is one of the primary mechanisms by
which hypoxic zones affect fish populations. Species that are
sensitive to warmer surface temperatures may be confined to
the deeper, oxygen-poor layers, where they cannot survive.

Conversely, species that tolerate higher temperatures may be
excluded from deeper zones, reducing their available habitats.
As shown in Figure 3, this restriction can significantly limit
population sizes. As dead zones expand, the total amount of
usable habitat decreases, which can pose a serious threat to the
long-term survival of many marine species.

Warm, oxygen-rich w water

Fish confined to

o ~ oxygenated layer
- @

Depth

Cold, hypoxic (low-oxygen) bottom water

Habitat lost to
oxygen depleti

Figure. 3 Schematic illustrating stratification of the water column
and its effect on fish habitat. Warm, oxygen-rich surface water and
cold, hypoxic bottom water are separated by a thermocline, confining
fish to the oxygenated surface layer. Based on principles described in
Wang (2024)20.

Aside from some producers and decomposers, eutrophica-
tion generally has detrimental effects on the larger ecosystem.
In addition to algal blooms, eutrophication can also lead to
jellyfish blooms—rapid population increases of jellyfish in a
given area’!. While hypoxic conditions are harmful or even
lethal to most marine organisms, jellyfish are more tolerant of
low-oxygen environments. This resilience allows them to sur-
vive and often thrive under conditions that would normally
suppress or eliminate other species. Jellyfish gain a com-
petitive advantage in hypoxic zones by occupying ecological
niches left vacant by more sensitive species. In addition, some
jellyfish benefit from eutrophication by feeding on plankton
populations that proliferate in nutrient-rich waters. A study??
observed a close connection between human imprints on the
environment and jellyfish hazards. They identified eutrophica-
tion as one of many multiple human imprints along with ma-
rine fisheries, sea surface temperature, and aquaculture pro-
duction. This relationship indicates that eutrophication may
contribute to more frequent jellyfish-related events. Although
these effects may be beneficial for jellyfish populations indi-
vidually, the broader consequences for ecosystem health are
negative.

Impacts of Eutrophication on Terrestrial Life

The following impacts on birds, amphibians, and domes-
tic animals are framed here as general consequences of eu-
trophication, primarily through food web disruption and ex-
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posure to cyanobacterial toxins, rather than as effects unique
to wastewater-derived nutrients. These mechanisms com-
monly show up wherever eutrophication is severe, with docu-
mented examples drawn from systems affected by mixed nu-
trient sources. The effects of eutrophication extend beyond
fully aquatic organisms, affecting a wide range of species that
prey on aquatic organisms or are part of their life cycle. This
includes piscivorous birds that feed on fish. As previously
discussed, hypoxic conditions lead to declines in fish popu-
lations, which in turn reduce the food availability for pisciv-
orous birds. This disruption in the food chain can negatively
affect bird reproduction, survival rates, and overall population
health. Amphibians are also particularly vulnerable to hypoxic
zones because their eggs and larvae typically develop in wa-
ter. The low dissolved oxygen levels can impair embryonic
development, reduce hatching success, and increase mortality
rates>3. In addition, toxins released by cyanobacteria during
algal blooms can accumulate and become toxic to household
pets. The bioaccumulation of toxins can cause damage to the
liver and central nervous system, typically affecting household
animals >4,

Effects of Eutrophication on the Food Chain

Disruption to population dynamics within an ecosystem can
cause an imbalance in the food chain. This can trigger a
trophic cascade, which is when changes at one trophic level
cause ripple effects throughout the entire food web/chain, of-
ten dramatically changing the ecosystem?®. For example, jel-
lyfish blooms represent a significant disruption: the rapid pop-
ulation growth of jellyfish not only puts pressure on their prey
species, such as zooplankton, but also negatively impacts their
competitors that rely on the same food sources. This is true for
any organism affected by eutrophication, such as crabs which
have their food sources reduced.

The Chesapeake Bay: A Case Study

One specific example of an ecosystem harmed by eutrophi-
cation is Chesapeake Bay, the largest estuary in the United
States. The bay’s location places it among the most severely
affected by eutrophication. As shown by Figure 4, the bay is
in close proximity to many heavily populated cities, such as
Washington D.C. These cities allow for anthropogenic waste,
a leading cause of eutrophication, to be deposited. In 2008,
monitoring revealed that 40% of the bay was deficient in
oxygen, the fourth highest level of hypoxia recorded since
monitoring began in 1985%6. This steep decline in dissolved
oxygen levels is largely attributed to nutrient pollution from
wastewater. The bay is connected to numerous water sources,
like rivers, including the Susquehanna River. The amount
of nitrogen and phosphorus input from riverine sources was
found to be much larger than direct precipitation in the bay*.
In the southern part of the bay, widespread hypoxic conditions

have led to the shrinkage of submerged grass beds, which are
important habitats for many aquatic organisms. As these habi-
tats disappear, the ecosystem becomes increasingly unstable.

One species particularly affected by these changes is the
crabs, a key component of the Chesapeake Bay’s ecology and
economy. While multiple factors play a role in the species’
decline, the Chesapeake Bay Foundation has identified eu-
trophication and low oxygen levels as one of the key causes >°.
Low oxygen levels can not only kill essential food sources
for crabs, but also directly threaten their survival. One such
threat is the shrinking of grass beds in the bay, the small
patches leaving juvenile crabs more prone to predation, or
even cannibalism?’. Combined with overfishing, eutrophi-
cation has caused blue crab populations to decrease by the
hundreds of millions and decrease their available food sources
by about 10% from 1995 to 20082°. In the bay’s 2025 sur-
vey, the surveyors reported a near 20 million adult male crab
decrease from 2024 to 2025. Both adult and juvenile crab
populations were well below the time series average(1990-
2025), with adult male crabs being at an all time low. How-
ever, blue crab decline in the Chesapeake is widely understood
to be multi-causal: fishing pressure, climate-driven warm-
ing, shoreline habitat loss, and disease have all been impli-
cated alongside eutrophication in the species’ long-term tra-
jectory?’. The eutrophication-specific contribution operates
primarily through hypoxia-driven loss of submerged grass
beds, which juvenile crabs depend on as refuge from preda-
tion and cannibalism, and through reduction of benthic prey in
oxygen-depleted bottom waters. The eutrophication-specific
share therefore cannot be fully separated from co-occurring
stressors without targeted statistical analysis. The continued
expansion of hypoxic zones in the bay remains one of the pri-
mary causes behind these steep ecological declines.

Preventing and Mitigating Eutrophication

Since anthropogenic waste is the main cause of eutrophi-
cation, it can be directly mitigated by human intervention.
Wastewater treatment and preventative measures can lead to
decreased nutrient loading in the environment. In order to de-
crease nutrient loading in the environment, management of
septic systems is necessary. In the United States, approx-
imately 20% of homes use septic systems to locally treat
wastewater, and about 10-20% of these septic systems experi-
ence failures somewhere in their lifetime?®. Failure to main-
tain septic systems leads to the release of untreated wastewa-
ter into the environment. Simply mitigating the nutrient input
into coastal watersheds can greatly reduce nutrient load in en-
vironments?. On a broader scale, mitigation efforts include
reducing use of fertilizer and increasing the quantity and ef-
ficiency of wastewater treatment plans. These improvements
will ensure that wastewater, if released, contains a lower con-
centration of nutrients.
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Figure. 4 Map of the Chesapeake Bay, adopted from Jansen et. al
(2015)%8

Discussion

Eutrophication, being driven by nutrients from wastewater,
can pose a serious threat to coastal marine ecosystems. It can
threaten individual populations as well as the overall balance
of the ecosystem. Human activity has caused an increased
level of anthropogenic waste entering the environment. The
dead zones that result from eutrophication have been shown
to harm different ecosystems all around the world. Eutrophic
processes such as water stratification directly harm organisms.
Those affected include crabs, jellyfish, fish, and their entire
ecosystems as a result of the trophic cascade. This paper
has found eutrophication to be a negative influence on coastal
ecosystems around the world, including the Chesapeake Bay.
Should it continue, eutrophication will only further damage
ecosystems around the world. To prevent this, further empha-
sis on reducing and mitigating eutrophication must happen.
Future research on prevention and mitigation of eutrophica-
tion, analyzing the effectiveness of mitigation strategies will
help to reduce the load eutrophication has on the world.
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