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Abstract: Coral reefs are among the most biodiverse ecosystems in the ocean, yet their benthic biodiversity is experiencing
dramatic declines due to human activities. This study systematically evaluates the direct and indirect impact mechanisms of
human activities—including overfishing, coastal development, pollution discharge, and climate change—on coral reef
benthic communities. By integrating global case studies and quantitative data analysis, it reveals ecological degradation
pathways under the synergistic effects of multiple stressors and proposes integrated management strategies based on
ecological restoration.
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1. INTRODUCTION

In the vast ocean blueprint, coral reefs are like life gems embedded within, occupying merely 0.1% of the global
ocean area (less than 30 million square kilometers) yet hosting over 25% of marine species (Fisher et al., 2015).
This paradoxical data reveals the core status of coral reefs as the "ocean rainforests” - their three-dimensional
structures provide complex habitats and nursery grounds for fish, crustaceans, mollusks, and other organisms,
while the benthic communities (including reef-building corals, sponges, algae, and invertebrates) form the material
and energy foundation of the entire ecosystem. This unique ecological architecture enables coral reefs to achieve
primary productivity 50 times that of rainforests, with nutrient cycling efficiency far surpassing other marine
ecosystems. However, this life engine of the blue planet is undergoing unprecedented crises. Hughes et al. (2017),
through global remote sensing monitoring, found that coral reef coverage has plummeted by 50% over the past
three decades, with some Caribbean regions even experiencing an 80% decline. Behind this precipitous drop, the
multidimensional stress effects of human activities are unraveling the survival code of coral reef ecosystems.
Agricultural runoff carrying fertilizers (approximately 120 million tons of nitrogen entering the ocean annually)
triggers water eutrophication, leading to algal blooms and coral suffocation; plastic waste (8 million tons entering
the ocean each year) not only entangles coral colonies but also delivers microplastics through the food chain to top
predators; heavy metals discharged by coastal industries (such as copper and mercury) directly poison symbiotic
zooxanthellae, causing coral bleaching; ocean acidification (a decrease of 0.1 pH units) is eroding coral skeletons,
with calcification rates already reduced by 15%; seawater temperature anomalies due to global warming (such as
the El Nifb events in 1998 and 2016) have caused large-scale bleaching events, with 30% of the Great Barrier
Reef's corals perish in a single heatwave; destructive fishing practices (such as blast fishing and trawling) directly
destroy reef structures; overfishing reduces algae-eating fish populations, promoting excessive algae proliferation
that smothers corals; the trade in corals harvested for ornaments or building materials still plunders about 100-200
thousand tons annually; coastal tourism development (such as artificial island construction) disrupts coral
spawning grounds; sediment deposition from port expansion buries corals; and chemicals like oxybenzone in
sunscreens cause DNA damage to about 6-10% of corals each year.

These stressors amplify ecological damage through cascading effects: the decline in coral cover leads to a sharp
reduction in fish biodiversity (a synchronous drop of 35-40%), which in turn weakens the entire ecosystem's
nutrient cycling and resilience. When coral cover falls below the 10% threshold, the system undergoes an
irreversible phase shift, transitioning from coral dominance to algae dominance and completely losing its
ecological services. Protecting coral reefs requires establishing a multidimensional intervention system:
implementing early warning systems through satellite monitoring, enforcing ecosystem-based ocean spatial
planning, promoting environmentally friendly fisheries certification, developing coral artificial breeding and
transplantation technologies, and establishing transnational marine protected area networks. Only by integrating
coral reef conservation into the global climate governance framework and constructing a collaborative governance
mechanism among governments, scientific research institutions, and communities can we safeguard this "ark of
life in the ocean.”
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2. MECHANISMS OF HUMAN IMPACT

In the intricate gears of coral reef ecosystems, overfishing is emerging as a critical "chain breaker." When top
predators like groupers and sharks are removed by intensive fishing, the trophic cascade effects that originally
maintained ecological balance are completely disrupted. This "top-down™ runaway process follows a clear
transmission path: the loss of predation pressure on mid-level fish such as parrotfish, which should control algae
overgrowth, instead experiences an abnormal decline in their populations due to the disappearance of top
predators.

2.1 Scientific Regulation

Long-term monitoring by biologists in the Caribbean has revealed the internal mechanisms of this paradox: when
shark populations declined by 79% (Robbins et al., 2006), mid-level predators like groupers, freed from predator
suppression, overpopulated and intensified predation pressure on parrotfish eggs and larvae. This "dislocated
competition” at the mid-levels of the food chain led to an 87% plunge in parrotfish biomass between 1980 and
2010 (Jackson et al., 2014), and the ecological function of algae grazing was subsequently lost. Like a reef without
cleaners, algae covered the reef like a green carpet, reducing coral larval settlement rates by 62% (Mumby et al.,
2007), ultimately causing coral cover to collapse from a thriving 50% to a critically endangered 10%. Scientific
determination of critical thresholds provides quantitative early warnings for such ecological collapses: when coral
reef fish biomass falls below 300 kg/km=(Graham et al., 2015), system resilience drops precipitously. This is
equivalent to losing 2-3 trophic levels per km=resulting in a 40% reduction in material cycling efficiency. In a
comparative study of Palau Islands in the Pacific, after implementing marine reserves, fish biomass recovered to
500 kg/km=in some areas, with coral cover recovering at a rate of 3.2% per year, while open fishing areas
continued to decline (Bruno et al., 2018). This cascading effect is not limited to specific regions. In the Chagos
Archipelago in the Indian Ocean, strict fishing controls led to a "trophic cascade reversal" after shark populations
recovered: the return of top predators made mid-level fish behave more cautiously, allowing parrotfish to
reproduce safely, and algae biomass was controlled to levels tolerable for corals, demonstrating the system's
astonishing self-repair capabilities (McCauley et al., 2015). These cases reveal the double-edged nature of trophic
cascades - human fishing activities can be both triggers for ecological collapse and levers for system recovery
through scientific regulation.

2.2 Coastal Development and Physical Damage

Coastal development activities such as land reclamation, port expansion, and tourism infrastructure construction
cause coral reef ecosystem collapse through direct physical damage and sediment deposition (Rogers, 1990).
Sediment coverage not only blocks sunlight and reduces the photosynthetic efficiency of coral symbiotic algae but
also triggers benthic community restructuring through suffocation and altered substrate environments. For
example, dredging projects in Australia's Great Barrier Reef increased sediment concentrations by 40% in local
areas, directly causing a 22% decline in hard coral cover (Jones et al., 2015). Experiments show that when
sediment coverage exceeds 5 mg/cm= coral mortality triples, closely related to respiratory obstruction and
decreased heterotrophic nutrient acquisition (Weber et al., 2012).

2.3 Pollution Discharge and Eutrophication

Nutrients (nitrogen, phosphorus) from agricultural runoff and domestic sewage input cause water eutrophication,
stimulating algae to proliferate explosively and compete with corals for light and space resources. Meanwhile,
chemical pollutants like oxybenzone in sunscreens can directly damage coral symbiotic systems, leading to
bleaching (Downs et al., 2016). In Hawaii's Hanauma Bay, long-term sewage discharge caused algae coverage to
surge from 15% to 67%, accompanied by a 40% decline in coral diversity (Smith et al., 2010). Studies have shown
that when water nitrate concentrations exceed 1 pmol/L, coral growth rates drop by 50%, due to energy allocation
shifting from calcification to defense mechanisms (D’Angelo & Wiedenmann, 2014).

2.4 Climate Change and Ocean Acidification

Global climate change threatens coral reef survival through dual mechanisms of rising seawater temperatures and
ocean acidification. Temperature anomalies cause coral symbiotic algae loss (bleaching), while ocean acidification
(pH decline) weakens coral calcification ability (Hoegh-Guldberg et al., 2007). The IPCC report points out that a
1.5<C global temperature increase will raise coral reef extinction risk by 70%, and if it reaches 2<C, the risk rises to
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99% (IPCC, 2018). Synergistic studies show that when pH falls below 7.9 and water temperature exceeds 30T,
coral calcification rates drop by 80%, with this synergistic effect far exceeding the impact of single environmental
stressors (Anthony et al., 2011).

3. SYNERGISTIC EFFECTS OF MULTIPLE FACTORS AND ECOLOGICAL
THRESHOLDS

Ecosystem degradation is often driven by the nonlinear interactions of multiple factors, whose superposition
effects far exceed the sum of individual stressors. Such synergistic interactions reduce ecological resilience,
compress species' adaptive capacity, and ultimately trigger irreversible regime shifts in ecosystem states.

3.1 Interactive Effect Models

Human activities (e.g., overfishing, pollution discharge, climate change) weaken ecosystem stability through
complex interaction mechanisms. For instance, overfishing reduces herbivorous fish populations, diminishing
coral reefs' buffering capacity against temperature anomalies and nutrient inputs. Research shows that when
fishing intensity reduces herbivorous fish biomass by 50%, corals' thermal bleaching tolerance threshold decreases
by 2<C (Hughes et al., 2017). This nonlinear response originates from cascading failures in ecosystem service
functions—the loss of keystone species disrupts ecological network structures, amplifying the destructive effects
of other stressors.

3.2 ldentification of Critical Thresholds

Ecosystems exhibit critical thresholds beyond which functional collapses occur. Coral cover serves as a core
indicator: below 10% coverage, reef three-dimensional structures collapse, leading to recruitment failure and
biodiversity loss (Bellwood et al., 2004). Nutrient loading thresholds are equally critical; nitrogen inputs
exceeding 4kg/halyr shift algal communities from sparse coverage to dominance, triggering coral-algal
competition phase shifts (Fabricius, 2005). These thresholds are not fixed values but dynamically adjusted by
synergistic interactions—acidification and warming significantly lower corals' nutrient stress tolerance thresholds.

4. CONSERVATION AND RESTORATION STRATEGIES

To address post-threshold ecosystem collapse risks, multi-level conservation and restoration strategies are required.
From local interventions to global governance, cross-scale measures must synergize to achieve sustainable
recovery.

4.1 Marine Protected Area (MPA) Efficacy

Fully no-take MPAs trigger trophic cascades by removing fishing pressure: recovering apex predator (e.g., shark)
biomass alters mesopredator behavior, indirectly enhancing algal control. Studies show that MPAs enforced over
10 years achieve 2.3x fish biomass and 34% higher coral cover than unprotected areas (Edgar et al., 2014).
Restoration extends beyond biomass to functional group reorganization—Kkeystone species recovery accelerates
ecosystem service rejuvenation.

4.2 Ecological Engineering Interventions

In Indonesia's Sulawesi Project, transplanting heat-tolerant coral species with shading devices increased local
coverage by 25% in 3 years (Gomez et al., 2021). The project fragments healthy corals for nursery cultivation,
aiming to outplant over 60,000 fast-growing Acropora and Pocillopora corals. Scientists estimate needing 5
million coral transplants to ensure success, given high mortality rates. "Heatwave training" enhances corals'
thermal tolerance. Introducing native herbivorous sea urchins reduced algal biomass by 60% (Adam et al., 2020).
While critical for reef balance, urchin populations require density control to prevent overgrazing. The project
emphasizes ecological monitoring and community engagement, enabling public participation in coral planting and
health monitoring.

4.3 Multi-Scale Integrated Governance
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Ecosystem recovery demands integrated watershed-coastal-ocean continuum management. Watershed-scale
vegetation restoration reduces land-based pollution (e.g., 40% nitrogen input reduction), coastal artificial reefs
enhance larval settlement, and ocean-scale climate agreements limit warming to <1.5<C. Anthony et al. (2020)
emphasize that combining climate policies (CO: reduction) with local restoration measures is essential to avoid
irreversible post-threshold losses.

5. CONCLUSION

As the "life engine™ of marine ecosystems, coral reefs occupy merely 0.1% of the global ocean area yet sustain
25% of marine biodiversity, with their three-dimensional structures enabling highly efficient nutrient cycling.
However, human activities—through multidimensional stressors such as overfishing, pollution discharge, and
climate change—are pushing coral reefs toward systemic collapse. Research indicates that when coral cover drops
below 10%, the ecosystem undergoes an irreversible phase shift from coral to algae dominance, resulting in the
complete loss of ecological services. Protecting coral reefs requires a multidimensional intervention framework,
integrating satellite-based monitoring and early warning systems, ecosystem-based spatial planning, eco-friendly
fisheries certification, artificial coral propagation, and transnational marine protected area networks. Additionally,
coral reef conservation must be incorporated into global climate governance frameworks, alongside the
establishment of synergistic governance mechanisms among governments, scientific institutions, and local
communities, to safeguard this "ark of life" in the ocean.
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