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Abstract: Global "biogeochemical hotspots", shallow water systems (including lakes, estuaries, and marshes) support
vital ecosystem services including water purification, flood protection, and biodiversity support. These ecosystems
have suffered widespread deterioration, primarily due to anthropogenic stresses including cultural eutrophication,
urbanization, and climate change, driving them towards the ecological tipping points at which rapid, often irreversible,
regime shifts are triggered. Aquatic vegetation (submerged macrophytes and seagrass) is a dominant ecosystem
engineer and is responsible for reinforcing sediments and regulating nutrient cycles while providing an essential
habitat for aquatic animals. This paper presents a systematic literature review (based on the Millennium Ecosystem
Assessment framework) that examines how this vegetation communities enhance provisioning, regulating, supporting,
and cultural ecosystem services. An examination of 45 peer-reviewed studies has enabled this paper to elaborate on
the ways vegetation dampens turbidity, sequesters Blue Carbon, and coastal geomorphological stability against
hydraulic stress. The evidence suggests that vegetation provides an important nature-based solution that buffers
systems against stress, but ecosystem collapse is often triggered at threshold vegetative densities where a switch from
a clear to a turbid phytoplankton-dominated state occurs. In conclusion, effective vegetative structural maintenance is
crucial to reversing ecosystem degradation and improving long-term system resistance against the pervasive impacts
of ecological disturbance in shallow water systems.
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I. Introduction

Shallow water ecosystems, ranging from inland lakes to coastal estuaries, to large marshes, represent
the most biologically productive and socioeconomically important ecosystems on earth (Janssen et al.,
2021; Lesiv et al., 2020; Gopal, 2016). These boundary systems serve as crucial ecological links between
terrestrial and aquatic environments, supporting a variety of valuable ecosystem services, including water
purification, flood control, climate regulation, and the development of highly productive species and
ecosystems (Barbier et al., 2013; Green & Elmberg, 2014; Grizzetti et al., 2019). Although only a small
percentage of the Earth's land surface, these biogeochemical "hotspots" provide essential functions for both
regional stability and human sustainability and food security. Unfortunately, these irreplaceable habitats
are facing rapid degradation and decline as a consequence of increasing anthropogenic pressures.
Intensifying human urbanization, coupled with an unsustainable pattern of agricultural development, have
exacerbated cultural eutrophication, leading to uncontrolled nutrient loading, oxygen depletion and a loss
of water transparency, while accelerated global climate change-evidenced through altered hydrological
regimes, thermal stress, and the sea-level rise-is pushing many fragile habitats to ecological tipping points.
Central to the stability of these shallow aquatic systems is the existence of aquatic vegetation, such as
submerged macrophytes and seagrass meadows, who serve as the primary "ecosystem engineers" in these
environments (Hilt et al., 2017). By physically and chemically altering their surroundings, these vegetative
communities create and maintain the foundation upon which most shallow water ecosystem processes are
organized (Piehler & Smyth, 2011). Root systems and leaves of these plants anchor sediments and slow
wave energy, promoting the burial of carbon and nutrients, and thereby helping to create stable and
self-regulating aquatic environments.
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This paper seeks to integrate a wide-ranging body of scientific evidence concerning the diverse roles of
aquatic vegetation in maintaining and enhancing the performance of shallow water ecosystem services.
Examining each function of these vegetative buffers-from nutrient retention to the creation of habitat-
through the integration of scientific literature, this work will provide a thorough explanation for how these
vegetative supports may be incorporated into restoration and management efforts, and illustrate that
restoration and conservation of aquatic vegetation are more than a conservation issue-they are nature-based
solutions for climate resilience.

The article is organized into several sections: Section 1 (Introduction) establishes the ecological
importance of shallow water systems and reviews the contributions of aquatic vegetation to those systems.
Section 2 (Material and Methods) describes the systematic review approach and the use of the Millennium
Ecosystem Assessment framework in the literature review. Section 3 (Results) presents synthesized
evidence regarding nutrient dynamics, blue carbon, biodiversity, and geomorphic stability with
accompanying figures and tables. Section 4 (Discussion) evaluates the findings in the context of ecological
tipping points and management practices, and Section 5 (Conclusion) emphasizes the importance of aquatic
vegetation restoration for sustainable ecosystem services and climate resilience.

I1. Material and Method

This paper utilizes a systematic literature review approach to integrate knowledge regarding the
ecological roles of aquatic vegetation in shallow water systems. It conducted a comprehensive search across
multiple electronic databases (Web of Science, Scopus, Google Scholar) using a series of search terms
(aquatic vegetation, macrophytes, seagrasses, ecosystem services, shallow water systems). To ensure an
up-to-date synthesis, only peer-reviewed studies published within the last two decades were included, and
data were extracted and categorized according to evidence-based strength of performance for specific
environmental conditions (lacustrine freshwater, estuarine brackish water, etc.).

In this figure 1 shows the screening and selection process for studies included in the meta-analysis. The
original searches yielded 450 papers, which were reduced to 380 after removing duplicate papers. Title and
abstract searches (n=310 excluded) were conducted before the full articles were assessed against eligibility
criteria (n=70). 25 papers were then excluded due to either the service not being about the
provisioning/regulating/supporting/cultural impacts of aquatic vegetation, it did not report quantitative data,
or it was on non-shallow systems. The result was 45 papers for synthesis.

To enable the analysis of ecosystem services, it followed the MEA framework and divided aquatic
vegetation’s contribution into provisioning, regulating, supporting, and cultural services. Provisioning
services were measured by production of useful biomass (useful to harvestable fish and wildlife as habitat,
etc.), regulating services by biogeochemical mechanisms (nutrient retention, sediment stabilization, carbon
sequestration, etc.), supporting services by the maintenance of biodiversity (maintaining biotic community,
life-cycle support, genetic diversity), and cultural services by the recreational/aesthetic/educational value
of an area (etc.).
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Figure 1: PRISMA Flow Diagram of Study Selection

III. Results

Nutrient Cycling and Water Quality Improvement

While uptake by plants has obvious benefits, they regulate nutrient cycling through the development of
an oxic-anoxic interface in the root systems of aquatic vegetation. This allows for a tightly coupled
nitrification-denitrification where nitrogen is converted from the water column to a gaseous state and
released from the root zone. The density of vegetation strongly influences how much turbulence is
dampened. By reducing the force with which water can circulate within the column, it forces suspensions
out of the water column and allows light to reach greater depths to stimulate the growth of the submerged
vegetation. Phosphorus and nitrogen filtering effectiveness increase non-linearly with increased vegetation
density; for example, even slight increases in vegetation density result in disproportionate increases in water
clarity.

Table 1: Comparative Ecosystem Service Performance Across Shallow Water Systems

Site/ Vegetation | Vegetation | Nutrient Carbon Biodiversity Index Sediment
Study Type Density Uptake Sequestration (Species Richness) Stabilization
(%) (mg/L) (g C/mAz/yr) Score

Lake A Macrophytes 35 4.5 120 22 6
Estuary B Seagrass 70 7.8 250 35 9
Marsh C | Macrophytes 50 5.6 180 28 7

Lake D Seagrass 85 8.2 300 40 10
Estuary E | Macrophytes 40 4.8 130 24 6

In this table 1 shows study-level summaries of information with columns such as Site/Study, Vegetation
type (macrophyte/seagrass), Vegetation density (%), nutrient uptake (mg/L), Carbon sequestration
(g C/m/yr), Biodiversity Index (species richness), and Sediment stabilization score. With this summary
table, it can easily see correlations between vegetation type/density and delivery of each ecosystem service
and quantitatively synthesize this review.

www.aquaticfrontiers.com 109



Aquatic Ecosystems and Environmental Frontiers, Volume 3, Issue 1, March 2025 ISSN: 3049-186X
DOI: https://doi.org/10.70102/AEEF/V311/14

®  Nutnent Uptake .
® Carbon Sequestration

Blodiversity Index

ce Metr

'
LR}
'

v .
0 Ll L4 80 100

AQuatic Vegetation Densty (W)

Figure 2: Relationship between Vegetation Density and Ecosystem Service Metrics

In this figure 2 illustrates the impact of changes in the density of aquatic vegetation (X-axis: % cover or
biomass) on several important indicators of ecosystem services (Y-axis: nutrient removal efficiency, carbon
sequestration rate, and index of biodiversity). Points represent each study included in the review. It indicates
the positive, non-linear response of ecosystem functions to vegetation cover with specific "tipping points"
below which the provisioning of these services rapidly decreases.

Blue Carbon and Climate Mitigation

A significant factor influencing aquatic vegetation as a climate regulator is its capacity for high burial
rates. Blue carbon storage in shallow waters is at least as large, per unit area, as most terrestrial forest
ecosystems. This large carbon storage capacity is attributed to the rapid accumulation of organic matter
under saturated, anoxic conditions that minimize decomposition. This capacity is age and stability-
dependent, in that systems younger than about 350 years represent carbon sinks while more mature systems
function as reservoirs; systems older than this are increasingly vulnerable to physically driven disturbances
caused by climate change.

Biodiversity Support and Habitat Complexity

The architectural form of aquatic submerged vegetation creates a physical refuge within a system that
influences animal species distribution and survival. In this three-dimensional matrix, high densities of
juvenile fishes and invertebrates survive predators and graze on micro-crustaceans and epiphytes. The
relationship between habitat complexity, defined here as species richness and structural complexity, and
food web stability is generally found to be positive, increasing resilience to transient disturbances.

Geomorphic Stability and Erosion Control

Vegetation influences hydraulic stress through a direct mechanical barrier, increasing soil stability as
roots entrain particles and thus raising the critical shear stress required for erosion, while canopies act to
intercept energy from wave action and decrease flow velocity at the seabed. This combined effect of
trapping sediments and reinforcing them structurally provides geomorphic stability to shallow water
systems, which are particularly vulnerable to increased storm frequencies or higher variability in flows.
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IV. Discussion

These functions of aquatic vegetation are critical for providing buffering against external environmental
stressors in shallow water systems, as they increase the resilience of shallow systems to the impact of
agricultural inputs and climate change events such as increasing storm frequency or storm intensity,
increasing sea-level rise, and others (Van Leeuwen et al., 2021; Natuhara, 2013). These vegetation systems
are the first line of defense in mitigating the impact of nutrients and thus preventing eutrophication of the
shallow system and in mitigating potential climate-related impacts as described in " Blue carbon and climate
mitigation", "Support of biodiversity and structural complexity", and "Geomorphic stability and erosion
control".

Shallow water systems exist in a state of dynamic equilibrium maintained by the density of vegetation.
At critical "tipping points," this system can move from a clean, macrophytes-dominated state to a turbid,
phytoplankton-dominated system, often as a result of excessive nutrient loading or physical disturbance.
Once the tipping point is reached, the system has undergone collapse because of a loss of positive feedback
mechanisms that contribute to a stable, resilient system and have instead established negative feedback
loops to an unstable, collapsing state; consequently, vital biodiversity is often lost.

The results of this review suggest that the function of aquatic vegetation is not that of a passive receptor
but a primary driver of the health and stability of aquatic systems. Although previous models of degraded
systems have often focused on a few contaminants, researchers have shown that vegetation must be
managed as a collective "ecosystem engineer" to alleviate the sum impact of human stresses on the aquatic
system (Kavitha, 2024; Bolpagni et al., 2019; Moore & Hunt, 2012). The ability of restoration efforts to be
successful, particularly in restoring lost functionality to degraded aquatic ecosystems and long-term, stable
ecological conditions through the restoration of vegetative structure, emphasizes a critical need for the
strategic management of these systems with vegetation at the forefront (Piechler & Smyth, 2011;
Verhofstad & Bakker, 2019; Ferreira et al., 2023).

V. Conclusion

This synthesis supports the idea that aquatic vegetation can act as the most fundamental "ecosystem
engineer" for shallow water systems because they are highly vulnerable to ecosystem collapse when
vegetation density drops below specific thresholds; they have a capacity to recover, or perhaps
overcompensate to promote the return of more desirable conditions when habitat degradation is reversed.
By actively restoring these native vegetation communities and management practices that target increasing
vegetation density, these ecosystems may be protected from further degradation and potentially restored to
a stable state; management practices to this end are therefore an ecological priority. Moving from an
assessment approach where vegetation is only considered a secondary component to a more forward-
looking paradigm that includes vegetation as a primary driver of resilience, these aquatic systems can
mitigate the effects of multiple global stressors and remain critical biogeochemical hotspots capable of
adapting and thriving in a rapidly changing world.
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