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Abstract:

Atmospheric nitrogen (N) deposition has emerged as a critical environmental concern with far-reaching implications for
terrestrial and aquatic ecosystems globally. This paper examines the mechanisms, patterns, and ecological consequences of
atmospheric nitrogen deposition on water and soil chemistry. Global nitrogen deposition has increased substantially over the past
several decades, with current estimates indicating approximately 92.7 Tg N deposited annually to terrestrial surfaces (Yang et al.,
2025). This research synthesizes evidence from multiple studies to elucidate how wet and dry nitrogen deposition processes alter
soil pH, cation exchange capacity, base saturation, and nutrient dynamics. The transfer of nitrogen from atmospheric sources to
soils drives acidification processes, depletes base cations (Ca?*, Mg?*, K*), and modifies microbial communities responsible for
nitrogen transformations. In aquatic systems, atmospheric nitrogen deposition contributes significantly to eutrophication, altering
nutrient stoichiometry and promoting harmful algal blooms. This paper presents data demonstrating that chronic nitrogen
deposition leads to nitrogen saturation in many temperate and tropical forests, resulting in increased nitrate leaching to surface
waters and groundwater contamination. Three figures illustrate nitrogen deposition pathways, soil acidification mechanisms, and
eutrophication processes, while tables present comparative data on regional deposition rates and soil chemistry changes. The
findings underscore the urgent need for integrated nitrogen management strategies to mitigate adverse impacts on ecosystem
health and water quality.
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1. Introduction:

1.1 Background and Significance:

Atmospheric nitrogen deposition represents one of the most significant anthropogenic alterations to the global nitrogen
cycle. Human activities, particularly fossil fuel combustion, agricultural practices, and industrial processes, have approximately
doubled the natural rate of reactive nitrogen (Nr) creation, fundamentally transforming atmospheric chemistry and terrestrial-
aquatic linkages (Yang et al., 2025). The atmospheric deposition of nitrogen compounds including ammonium (NH."), nitrate
(NOs"), ammonia (NHs), nitrogen oxides (NOy), and nitric acid (HNOs) has profound implications for soil and water chemistry
across diverse ecosystems worldwide.

The magnitude of this environmental challenge is substantial. Global annual nitrogen deposition to land surfaces reached
approximately 92.7 Tg N in 2020, equivalent to 84% of global agricultural nitrogen fertilizer use (Yang et al., 2025). Historical
trends reveal an 8% increase in global inorganic nitrogen deposition from 1984 to 2016, rising from 86.6 Tg N to 93.6 Tg N (Vet
et al., 2014). However, these global figures mask significant regional variations, with deposition hotspots shifting from developed
nations in North America and Europe toward rapidly developing regions in South Asia, Southeast Asia, and parts of South
America (Yang et al., 2025; Lu et al., 2016).

1.2 Mechanisms of Atmospheric Nitrogen Deposition:

Atmospheric nitrogen enters terrestrial and aquatic ecosystems through two primary pathways: wet deposition and dry
deposition (Seinfeld and Pandis, 2016). Wet deposition occurs when atmospheric nitrogen compounds are absorbed by
precipitation during in-cloud formation or below-cloud scavenging processes, delivering primarily nitrate (NOs™-N) and
ammonium (NH4"-N) to surface environments (Li et al., 2014; Seinfeld and Pandis, 2016). Ammonium typically dominates wet
deposition in many regions, accounting for approximately 56.5% of total wet nitrogen deposition, with particularly high
concentrations during abundant rainfall periods (Li et al., 2014).

Dry deposition involves the direct transfer of gaseous and particulate nitrogen compounds from the atmosphere to
terrestrial and aquatic surfaces through gravitational settling, turbulent transport, and surface uptake mechanisms. Dry nitrogen
deposition includes ammonia (NHs), nitrogen dioxide (NO2), nitric acid (HNOs), particulate ammonium (pNH4+"), and particulate
nitrate (pNOs") (Wang et al., 2023). The relative importance of wet versus dry deposition varies geographically and temporally,
influenced by emission sources, meteorological conditions, and landscape characteristics. Recent research indicates that dry
deposition of gaseous NHs may have more pronounced effects on plant physiology and foliar nitrogen status compared to
equivalent doses of wet NH4" deposition (Wang et al., 2023).

1.3 Global Patterns and Regional Hotspots:

The spatial distribution of nitrogen deposition exhibits pronounced geographic heterogeneity. East Asia, the United
States, and Europe historically represented the primary hotspots of elevated nitrogen deposition, driven by dense populations,
intensive agricultural practices, and industrial activities (Lu et al., 2016). However, emissions controls and regulatory frameworks
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implemented in developed nations have led to significant reductions in nitrogen deposition across these regions over the past two

decades. The eastern United States, Western Europe, and Japan experienced clear decreases in dry nitrogen deposition through
successful control of NOx and NHs emissions (Lu et al., 2016).

Conversely, the western United States and Eurasia particularly eastern China experienced substantial increases in
nitrogen deposition during the same period (Lu et al., 2016). China's nitrogen deposition patterns exemplify the complex
relationship between economic development and environmental quality, with deposition rates stabilizing or declining in recent
years due to improved environmental governance and economic structural transformation (Yang et al., 2025). Meanwhile, South
Asia, Southeast Asia, Latin America, and Africa represent regions of increasing nitrogen deposition with limited monitoring
infrastructure and substantial uncertainty in deposition estimates (Yang et al., 2025).

1.4 Research Objectives and Scope:

This paper examines the multifaceted role of atmospheric nitrogen deposition in shaping water and soil chemistry across
diverse ecosystems. The specific objectives are to:

e Characterize the mechanisms by which atmospheric nitrogen deposition alters soil chemical properties, including pH,
acid neutralizing capacity, cation exchange capacity, and base saturation

e Analyze the pathways through which deposited nitrogen affects soil microbial communities and nitrogen transformation
processes

e Evaluate the impacts of atmospheric nitrogen deposition on surface water and groundwater quality, with emphasis on
eutrophication and nitrate contamination

e  Assess the concept of nitrogen saturation and its implications for ecosystem nitrogen retention capacity

e Synthesize evidence for cascading effects of nitrogen deposition on terrestrial-aquatic linkages

The synthesis integrates findings from long-term nitrogen addition experiments, observational studies, spatial gradient
analyses, and process-based investigations to provide a comprehensive understanding of nitrogen deposition effects on coupled
soil-water systems.

2. Effects of Atmospheric Nitrogen Deposition on Soil Chemistry:
2.1 Soil Acidification Processes:

Atmospheric nitrogen deposition is a primary driver of soil acidification in many terrestrial ecosystems worldwide. The
mechanisms linking nitrogen deposition to soil acidification involve multiple biogeochemical pathways. When ammonium (NH4")
is deposited on soils and subsequently oxidized to nitrate (NOs~) through microbial nitrification, hydrogen ions (H*) are released,
directly acidifying the soil solution (Wang et al., 2020). The nitrification reaction can be represented as:

NHf + 20, - NO3 + 2H* + H,0

This process produces two moles of H* for each mole of NH4" oxidized, contributing substantially to soil acidification
under conditions of elevated nitrogen deposition (Mo et al., 2014).

Long-term nitrogen addition experiments provide compelling evidence for the acidifying effects of atmospheric nitrogen
deposition on forest soils. In a six-year nitrogen addition experiment conducted in a nitrogen-rich lowland tropical forest in
Southern China, Mo et al. (2014) applied NH4NO:s at rates of 0, 50, 100, and 150 kg N ha™! yr!. The results demonstrated that the
study site was already experiencing serious soil acidification, with soil pH (H20) below 4.0 throughout the soil profile, negative
acid neutralizing capacity (ANC), and low base saturation (<8%) even in control plots (Mo et al., 2014). Long-term nitrogen
addition significantly accelerated soil acidification, leading to depleted base cations, decreased base saturation, and further
lowered acid neutralizing capacity (Mo et al., 2014).

The vertical distribution of acidification effects varies with soil depth. Nitrogen additions decreased soil pH most
significantly in the upper 0-30 cm soil layer, where biological activity and nitrogen transformations are most intense (Mo et al.,
2014). Soil solution pH at 20 cm depth closely approximated the pH of upper soil horizons, while solution pH at 40 cm depth
increased substantially, indicating buffering capacity in deeper soil layers (Mo et al., 2014). However, repeated measures analysis
confirmed that nitrogen addition significantly decreased soil solution pH across all measured depths (Mo et al., 2014).

2.2 Base Cation Depletion and Nutrient Imbalances:

Atmospheric nitrogen deposition drives substantial losses of base cations (calcium, magnesium, and potassium) from
forest soils through multiple mechanisms. Nitrate produced through nitrification is highly mobile in soil solutions and readily
leaches through the soil profile. Because nitrate is negatively charged, its downward movement through soils must be charge-
balanced by cations, resulting in accelerated leaching of Ca?*, Mg?", and K* from soil exchange sites (Vitousek et al., 1997). This
cation leaching depletes the pool of nutrient cations available to vegetation and microorganisms, potentially leading to nutrient
limitations and imbalances.

The magnitude of base cation depletion under elevated nitrogen deposition is substantial. Mo et al. (2014) reported that
nitrogen additions significantly increased concentrations of base cations in soil drainage solutions at 40 cm depth, with
particularly pronounced increases in Mg?" concentrations in high-nitrogen treatment plots. The base saturationthe percentage of
cation exchange capacity occupied by base cations rather than acidic cations decreased significantly under nitrogen addition
treatments throughout the soil profile (Mo et al., 2014).

Depletion of calcium and magnesium from forest soils has cascading effects on tree health and ecosystem functioning.
Calcium is essential for cell wall structure, membrane integrity, and cellular signaling, while magnesium is the central element in
chlorophyll molecules and a critical cofactor for numerous enzymes. The combination of soil acidification, base cation depletion,
and elevated aluminum mobilization creates nutrient imbalances that can lead to stunted tree growth, increased susceptibility to
frost damage, higher rates of insect and pathogen damage, and increased tree mortality (Vitousek et al., 1997; Fenn et al., 2003).
2.3 Acid Neutralizing Capacity and Buffer Systems:

Acid neutralizing capacity (ANC) represents the ability of soils to resist changes in pH when acids are added. Soils with
positive ANC contain sufficient alkalinity (primarily in the form of base cations and carbonates) to neutralize incoming acidity,
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while soils with negative ANC lack buffering capacity and are vulnerable to rapid acidification. Atmospheric nitrogen deposition
progressively depletes soil ANC, reducing the capacity of soils to buffer against further acidification.

The six-year nitrogen addition experiment in Southern China revealed that ANC was typically negative (< -0.3 mmolc
kg™) across all plots and soil layers even under ambient deposition conditions, indicating that these tropical forest soils had
already lost their acid-buffering capacity (Mo et al., 2014). Nitrogen additions further decreased ANC throughout all soil layers,
with the magnitude of ANC decline increasing with nitrogen addition rate (Mo et al., 2014). These findings demonstrate that
forests already experiencing elevated background nitrogen deposition are particularly vulnerable to further acidification, as their
buffer systems have been substantially depleted.

The progression of soil acidification through different buffer ranges follows a predictable sequence. Initially, carbonate
buffering maintains pH near neutral (pH 6.0-8.0). As carbonates are depleted, soils transition to silicate buffering (pH 5.0-6.0),
then to cation exchange buffering (pH 4.2-5.0), and finally to aluminum and iron buffering at pH below 4.2 (Ulrich, 1983). Many
forest soils affected by chronic nitrogen deposition have progressed to the aluminum buffer range, where aluminum mobilization
poses toxicity risks to plant roots and aquatic organisms.

2.4 Nitrogen Form Effects: Ammonium versus Nitrate:

The chemical form of deposited nitrogen whether predominantly ammonium or nitrate significantly influences soil
acidification processes and nitrogen cycling dynamics. Ammonium-based nitrogen deposition or fertilization can have contrasting
effects on soil pH depending on the specific ammonium compound involved. Wang et al. (2020) conducted a 35-day aerobic
incubation experiment comparing the effects of ammonium sulfate, urea, and ammonium bicarbonate on tea plantation soils. The
results demonstrated that ammonium compounds with alkaline properties (urea and ammonium bicarbonate) significantly raised
soil pH, while ammonium sulfate, being acidic, did not affect pH and actually decreased net nitrification rates (Wang et al., 2020).
The pH changes induced by different ammonium compounds have important implications for nitrification rates and nitrous oxide
(N20) emissions. When urea or ammonium bicarbonate is applied, soil pH tends to rise with increasing nitrogen application rates,
which elevates nitrification rates and N2O emissions (Wang et al., 2020). Conversely, the acidic nature of ammonium sulfate can
inhibit nitrification through pH suppression, even while providing NHa" substrate for nitrifying microorganisms (Wang et al.,
2020). This illustrates the complex, sometimes counterintuitive relationships between nitrogen form, soil pH, and nitrogen
transformation processes.

In contrast, nitrate-based treatments generally maintain higher pH than ammonium-based treatments, though both can be
acidic depending on accompanying anions. Zhu et al. (2023) found that while both treatments were acidic, ammonium treatment
(pH = 4.14) had lower pH than nitrate treatment (pH = 5.99), consistent with the proton-generating effects of nitrification.

2.5 Microbial Community Responses and Nitrogen Transformations:

Atmospheric nitrogen deposition fundamentally alters soil microbial communities and the nitrogen transformation
processes they mediate. Microbial processing of deposited nitrogen regulates the retention and mobilization of nitrogen in soils,
with critical implications for soil and water quality. The relationship between nitrogen deposition, microbial communities,
nitrogen transformations, and water quality has been investigated along environmental gradients, revealing complex and
sometimes unexpected patterns.

Research along an elevation transect in the Colorado Front Range examined these connections across sites experiencing
different levels of nitrogen deposition (Norton et al., 2019). While rates of nitrogen deposition and pools of extractable nitrogen
increased down the elevation gradient, soil microbial communities and nitrogen transformation rates did not follow clear
elevational patterns (Norton et al., 2019). The subalpine microbial community was distinct from lower elevation communities,
corresponding to high C:N ratio and low pH characteristic of these soils (Norton et al., 2019). Net nitrification, mineralization, and
nitrification potential rates were highest at the Plains (1,700 m) and Montane (2,527 m) sites, suggesting that these ecosystems
actively mobilize nitrogen, while the subalpine site showed net immobilization, indicating nitrogen retention (Norton et al., 2019).

Recent research has revealed that forest soils under higher nitrogen deposition retain more atmospheric nitrate and
exhibit enhanced microbial nitrification rates, indicating complex interactions between atmospheric nitrogen inputs, microbial
activity, and nitrogen retention capacity (Wang et al., 2025). The balance between nitrogen retention and mobilization processes
determines whether deposited nitrogen accumulates in soil organic matter and microbial biomass or leaches to deeper soil
horizons and eventually to groundwater and surface waters.

2.6 Cation Exchange Capacity Changes:

Cation exchange capacity (CEC) represents the total quantity of exchangeable cations that soils can retain, reflecting the
soil's capacity to hold nutrient cations against leaching losses. Long-term atmospheric nitrogen deposition can alter CEC through
multiple mechanisms, including changes in soil organic matter content, clay mineralogy transformations, and shifts in the
dominant exchangeable cations from nutrient bases to acidic aluminum and hydrogen.

Mo et al. (2014) observed that nitrogen additions affected both CEC and the saturation of exchange sites with different
cation types. Base saturationthe proportion of CEC occupied by base cations (Ca**, Mg?*, K*, Na*)decreased significantly under
nitrogen addition treatments, while the proportion occupied by acidic cations (H*, AI**) correspondingly increased. This shift in
exchange site occupancy has multiple consequences: it indicates progressive depletion of nutrient reserves, signals increasing
aluminum mobilization and potential toxicity, and demonstrates declining soil quality and productivity.

This Sankey diagram illustrates the flow of atmospheric nitrogen from emission sources (industrial/vehicle and
agricultural) through wet and dry deposition pathways, into soil transformation processes, and ultimately to aquatic impacts
including eutrophication and nitrate contamination.
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Figure 1: Conceptual Model of Atmospheric Nitrogen Deposition Pathways and Soil-Water Chemistry Interactions
3. Atmospheric Nitrogen Deposition and Water Chemistry:
3.1 Nitrogen Loading to Surface Waters:

Atmospheric nitrogen deposition represents a significant, often underappreciated source of nitrogen loading to lakes,
rivers, reservoirs, and wetlands. While agricultural runoff and point-source pollution from wastewater treatment facilities have
traditionally received greater attention in water quality management, direct atmospheric deposition to water surfaces and indirect
inputs via terrestrial nitrogen export contribute substantially to total nitrogen loads in many watersheds (Lepori et al., 2012;
Howarth and Marino, 2006).

The relative importance of atmospheric nitrogen deposition varies by watershed characteristics. In forested watersheds
with minimal agricultural activity, atmospheric deposition can represent the dominant nitrogen input pathway. The SWAT (Soil
and Water Assessment Tool) modeling study by Park et al. (2017) demonstrated that atmospheric nitrogen deposition is an
important pathway for nitrogen input into watersheds and water bodies, causing soil and water body acidification as well as
nitrogen leaching into surface and groundwater, resulting in eutrophication and water quality degradation. The study established
that considering atmospheric deposition alongside agricultural nitrogen inputs (fertilizer, manure, fixation) and sewage discharge
provides a more complete assessment of total nitrogen loading at the watershed scale (Park et al., 2017).

Dam construction and reservoir creation have increased the surface area of inland waters globally, expanding the receptor
surface for direct atmospheric nitrogen deposition. China has constructed more than 87,000 dams with a total storage capacity of
approximately 6,560 km3, increasing the total surface area of inland water by 6,672 km? over three decades (Shi et al., 2019). This
expansion of water surface area has enhanced the total nitrogen input from direct atmospheric deposition, while the increased
water depth and residence time in reservoirs provide substantial capacity for denitrification under anoxic conditions (Shi et al.,
2019).

3.2 Eutrophication Mechanisms and Nutrient Stoichiometry:

Eutrophicationthe excessive enrichment of water bodies with nutrients represents one of the most ecologically significant
consequences of atmospheric nitrogen deposition to aquatic ecosystems. Nitrogen is a key nutrient limiting primary production in
many coastal marine environments and some freshwater systems, and atmospheric nitrogen deposition can shift these ecosystems
from nitrogen limitation toward phosphorus limitation or co-limitation (Howarth and Marino, 2006; Lepori et al., 2012).

The mechanism by which atmospheric nitrogen deposition drives eutrophication involves several interconnected
processes. First, deposited nitrogen increases the total pool of bioavailable nitrogen in water bodies, stimulating phytoplankton
and algal growth (Lepori et al., 2012). Second, because atmospheric deposition of phosphorus is typically much lower than
nitrogen deposition, nitrogen loading tends to increase the N:P ratio of receiving waters (Lepori et al., 2012). Spatial gradients of
nitrogen deposition across Sweden and the Alps are associated with increasing water N:P ratios in lakes and streams,
demonstrating the regional-scale influence of atmospheric nitrogen inputs on aquatic nutrient stoichiometry (Bergstrém et al.,
2008, as cited in Lepori et al., 2012).

The ecological consequences of nitrogen-driven eutrophication are profound. Rapid, dense growth of algae creates
surface blooms that reduce light penetration, suppressing growth of submerged aquatic vegetation. When algal blooms senesce,
bacterial decomposition of the massive algal biomass consumes dissolved oxygen, creating hypoxic or anoxic conditions in
bottom waters. These "dead zones™ cannot support fish and other aerobic aquatic organisms, leading to habitat loss, fish kills, and
fundamental alterations to aquatic food webs (Howarth and Marino, 2006).

Whole-ecosystem experiments and long-term observations provide compelling evidence that nitrogen is the primary
control on eutrophication in many temperate zone estuaries. Studies in Narragansett Bay, Himmerfjarden, and Laholm Bay
demonstrated that nitrogen inputs from sewage treatment and other sources directly controlled phytoplankton abundance and
water clarity, with total nitrogen concentrations reflecting nitrogen inputs over 17 years of observation (Howarth and Marino,
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2006). Importantly, estuaries are more likely than lakes to have nitrogen-limited primary production due to denitrification on
continental shelves and phosphorus desorption from suspended sediments as salinity increases (Howarth and Marino, 2006).
3.3 Nitrate Contamination of Groundwater:

Atmospheric nitrogen deposition contributes to groundwater nitrate contamination through multiple pathways. When
deposited nitrogen exceeds the retention capacity of vegetation and soil microbial communities, excess nitrogen leaches through
the soil profile in the mobile nitrate form, eventually reaching groundwater. The time lag between nitrogen deposition at the
surface and nitrate detection in groundwater can span decades, depending on soil depth, hydro geological properties, and
groundwater flow rates (Liu et al., 2024).

The concept of groundwater nitrogen legacy has emerged as a critical concern for water quality management. Liu et al.
(2024) analyzed four major river basins (Rhine, Mississippi, Yangtze, and Pearl) and found that large amounts of nitrogen are
temporarily stored in groundwater, which has become the dominant source of nitrogen delivery to freshwaters in these basins.
Strategies to reduce nitrogen loading to groundwater have been successful in the Rhine basin and, to a limited extent, in the
Mississippi basin (Liu et al., 2024). However, the effect of actions to reduce nitrogen surpluses in agriculture will be delayed due
to large amounts of nitrogen temporarily stored in groundwater the groundwater nitrogen legacy (Liu et al., 2024).

The timescales over which legacy nitrogen will continue contributing to nitrogen discharge to streams are particularly
concerning in basins still in the accumulation phase. In the Yangtze and Pearl river basins, inflow of nitrogen into groundwater
from leaching still exceeds nitrogen outflow from groundwater, so the build-up of future legacy nitrogen continues (Liu et al.,
2024). This will inevitably lead to increasing nitrogen discharge into streams, which, together with expected increases in nitrogen
discharge from point sources in some scenarios, could lead to worsening water quality (Liu et al., 2024).

3.4 Effects on Remote and High-Elevation Aquatic Ecosystems:

Remote lakes and streams in high-elevation regions have historically been characterized by oligotrophic (nutrient-poor)
conditions, supporting specialized biological communities adapted to low-nutrient environments. However, atmospheric nitrogen
deposition reaches even the most remote ecosystems through long-range atmospheric transport, potentially altering their
fundamental ecological characteristics (Lepori et al., 2012).

Research in remote alpine and subalpine aquatic ecosystems has documented multiple effects of atmospheric nitrogen
deposition. These include: (1) increased total nitrogen concentrations and elevated N:P ratios; (2) shifts in phytoplankton
community composition toward species favored under higher nutrient conditions; (3) increased primary production in previously
nitrogen-limited systems; (4) changes in dissolved organic matter quality and quantity; and (5) altered food web structure and
trophic interactions (Lepori et al., 2012).

Stream water nitrate concentrations are elevated in high-elevation catchments in Colorado and are unusually high in
southern California and in some chaparral catchments in the southwestern Sierra Nevada (Fenn et al., 2003). Greater plant
productivity resulting from nitrogen inputs is counterbalanced by biotic community changes and deleterious effects on sensitive
organisms such as lichens and phytoplankton that respond to relatively low inputs of nitrogen (3 to 8 kg N ha™! yr!) (Fenn et al.,
2003).

The vulnerability of high-elevation aquatic ecosystems to atmospheric nitrogen deposition is exacerbated by several
factors. These systems typically have thin, poorly developed soils with limited buffering capacity, short growing seasons that
constrain biological nitrogen uptake, and low background nutrient concentrations that make them particularly sensitive to nutrient
additions. Additionally, many high-elevation regions experience elevated nitrogen deposition due to orographic precipitation
patterns that concentrate atmospheric pollutants through enhanced wet deposition (Fenn et al., 2003).

3.5 Coastal and Marine Systems:

Atmospheric nitrogen deposition to coastal waters and the open ocean represents a substantial component of global
marine nitrogen budgets. Unlike terrestrial ecosystems where deposited nitrogen undergoes complex transformations in soils
before potentially reaching aquatic systems, direct atmospheric deposition to ocean surfaces provides immediately bioavailable
nitrogen to marine phytoplankton (Duce et al., 2008).

Recent research on atmospheric nitrogen deposition fluxes into coastal wetlands has characterized both wet and dry
deposition mechanisms. Wet deposition involves the removal of atmospheric nitrogen compounds via precipitation through in-
cloud and below-cloud scavenging processes, while dry deposition encompasses direct settling and absorption of gaseous and
particulate nitrogen (Xu et al., 2026). Coastal wetlands represent particularly important interfaces where atmospheric, terrestrial,
and marine nitrogen cycles converge, providing ecosystem services including nutrient retention, water quality improvement, and
habitat provision.

The ecological consequences of atmospheric nitrogen deposition to marine systems include: altered phytoplankton
community composition, increased harmful algal bloom frequency, expanded hypoxic zones in coastal waters, and changes in
coastal food web structure. The contribution of atmospheric nitrogen deposition to coastal eutrophication has become increasingly
recognized as an important policy concern, particularly in regions where terrestrial nitrogen loading controls have been
implemented but coastal water quality remains impaired (Howarth and Marino, 2006).
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Figure 2: Mechanisms of Soil Acidification Under Atmospheric Nitrogen Deposition

This three-panel chart shows the progressive effects of nitrogen deposition on soil chemistry at different depths (0-30 cm). It
displays how increasing nitrogen addition rates (Control, Medium-N at 100 kg/ha/yr, and High-N at 150 kg/ha/yr) lead to:

o Decreased soil pH (falling below 4.0)

e Reduced base saturation percentages

e More negative acid neutralizing capacity values
The data is from the 6-year tropical forest study by Mo et al. (2014) cited in your paper.
4. Nitrogen Saturation Hypothesis and Ecosystem Responses:
4.1 Conceptual Framework of Nitrogen Saturation:

The nitrogen saturation hypothesis provides a unifying conceptual framework for understanding ecosystem responses to
chronic atmospheric nitrogen deposition. Nitrogen saturation occurs when the availability of inorganic nitrogen exceeds the
combined demand of plants and microorganisms, resulting in diminished capacity for nitrogen retention and increased nitrogen
losses through leaching and gaseous emissions (Aber et al., 1989). This concept has proven valuable for predicting the progression
of ecosystem changes under sustained nitrogen loading and for identifying thresholds beyond which nitrogen deposition causes
significant environmental degradation.

The nitrogen saturation hypothesis predicts a cascade of ecosystem responses as nitrogen deposition progressively
saturates terrestrial systems (Aber et al., 1989; Fenn et al., 2003). In the early stages of nitrogen enrichment, nitrogen-limited
ecosystems typically respond with increased productivity, as the additional nitrogen alleviates nutrient limitations on plant growth
and microbial activity. Deposited nitrogen is efficiently retained in vegetation biomass, soil organic matter, and microbial
communities, with minimal losses to aquatic systems.

As nitrogen deposition continues, the system progresses toward nitrogen saturation. This transition is characterized by:
(1) declining efficiency of biological nitrogen retention; (2) increasing soil solution nitrate concentrations; (3) elevated nitrate
leaching to streams and groundwater; (4) base cation depletion and soil acidification; (5) shifts in plant community composition
toward nitrophilous species; (6) increased emissions of nitrous oxide (N20) from soils; and (7) greater susceptibility to other
stresses such as drought, frost, insects, and pathogens (Fenn et al., 2003; Aber et al., 1989).

4.2 Evidence for Nitrogen Saturation in Temperate Forests:

Multiple lines of evidence demonstrate that nitrogen saturation has occurred in temperate forests exposed to chronic
elevated nitrogen deposition, particularly in regions of North America and Europe with long histories of industrial and agricultural
nitrogen emissions. Since the 1980s, nitrogen saturation studies have documented: (1) increases in nitrate concentrations in
streams and rivers; (2) accelerated loss of nutrient cations from soils; (3) nutrient imbalances, higher rates of insect and pathogen
damage, and reduced frost hardiness in trees; (4) declines in tree growth, especially of evergreen species; and (5) higher rates of
nitrous oxide emissions (Peterjohn et al., 1999, as cited in ESA, 2002).

Long-term monitoring of stream water chemistry provides particularly compelling evidence for nitrogen saturation. In
watersheds where nitrogen deposition chronically exceeds biological demand, stream water nitrate concentrations increase, often
exhibiting seasonal patterns with highest concentrations during dormant seasons when biological uptake is minimal and during
storm events when hydrologic flushing mobilizes soil nitrogen (Fenn et al., 2003). The ratio of nitrogen outputs in stream water to
nitrogen inputs from deposition provides a quantitative index of nitrogen saturation, with ratios approaching or exceeding 1.0
indicating that the ecosystem has lost its capacity to retain additional nitrogen inputs.

The ecological consequences of nitrogen saturation extend beyond altered nitrogen cycling. Calcium depletion and soil
acidification resulting from chronic nitrogen loading can reach levels that directly impair tree health. With calcium depletion and
soil acidification, aluminum ions become mobile and pose potential threats to tree roots and aquatic organisms (Vitousek et al.,
1997). Forest health surveys have documented correlations between soil base cation status, nitrogen deposition levels, and
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indicators of tree stress including crown transparency, foliar nutrient imbalances, and heightened susceptibility to secondary
stressors (Fenn et al., 2003).
4.3 Nitrogen Saturation in Tropical Forests:

While the nitrogen saturation hypothesis was originally developed and tested primarily in temperate forests, recent
research has extended this framework to tropical ecosystems. The question of whether tropical forests which historically were
often assumed to be nitrogen-limited could experience nitrogen saturation has important implications for understanding global
nitrogen cycle dynamics and for predicting ecosystem responses in rapidly developing tropical regions experiencing increasing
nitrogen deposition.

Long-term nitrogen addition experiments in tropical forests provide evidence that these ecosystems can indeed reach
nitrogen saturation, though the specific patterns and thresholds may differ from temperate systems. A six-year nitrogen and
phosphorus addition experiment in an old-growth tropical forest in southern China tested the nitrogen saturation hypothesis by
measuring soil inorganic nitrogen, nitrogen mineralization and nitrification rates, N-O emission rates, and nitrate leaching (Chen
et al., 2016). The hypothesis predicted that nitrogen addition would stimulate further nitrogen saturation, but that phosphorus
addition might alleviate nitrogen saturation by relieving phosphorus limitation and enabling more efficient nitrogen retention.

The tropical forest research by Mo et al. (2014) revealed that the study site was already experiencing nitrogen-saturated
conditions prior to experimental nitrogen additions, as evidenced by high soil acidification (pH < 4.0), negative acid neutralizing
capacity, and low base saturation throughout soil profiles. Long-term nitrogen addition significantly accelerated nitrogen
saturation processes, leading to further soil acidification, base cation depletion, and increased nitrogen leaching (Mo et al., 2014).
These findings suggest that tropical forests exposed to elevated nitrogen deposition for extended periods can progress to nitrogen
saturation, exhibiting many of the same symptoms observed in nitrogen-saturated temperate forests.

4.4 Critical Loads and Thresholds:

The concept of critical loads provides a quantitative framework for establishing nitrogen deposition thresholds below
which significant harmful effects on ecosystem structure and function are unlikely to occur. A critical load is defined as "a
quantitative estimate of an exposure to one or more pollutants below which significant harmful effects on specified sensitive
elements of the environment do not occur according to present knowledge" (Nilsson and Grennfelt, 1988).

Determining critical loads for nitrogen deposition requires integrating multiple lines of evidence, including: experimental
nitrogen addition studies that quantify dose-response relationships; gradient studies that compare ecosystems along natural or
anthropogenic nitrogen deposition gradients; mechanistic understanding of nitrogen cycling and ecosystem response processes;
and value judgments about which ecosystem attributes to protect and what magnitude of change constitutes "significant harm."

Critical loads vary substantially among ecosystem types, reflecting differences in nitrogen cycling rates, soil buffering
capacity, plant community composition, and baseline nitrogen availability. For example, sensitive oligotrophic systems such as
alpine lakes, subalpine coniferous forests, and ombrotrophic bogs may have critical loads as low as 3-5 kg N ha™' yr!, while more
productive temperate deciduous forests may have critical loads of 10-20 kg N ha™* yr (Fenn et al., 2003). Estimates of critical
loads for different ecosystem types and receptors provide targets for nitrogen emission reduction policies aimed at protecting
sensitive ecosystems from the adverse effects of atmospheric nitrogen deposition.

4.5 Recovery Potential and Legacy Effects:

An important question for ecosystem management and environmental policy concerns the potential for ecosystem
recovery following reductions in nitrogen deposition. Do ecosystems that have reached nitrogen saturation return to pre-
disturbance conditions once nitrogen inputs decrease, and if so, over what time scales? Evidence from regions that have
successfully reduced nitrogen emissions and deposition provides partial answers to these questions.

Long-term monitoring in Europe and eastern North America, where nitrogen emissions have declined substantially over
recent decades due to clean air regulations, demonstrates that some aspects of nitrogen saturation can reverse relatively quickly
while others show persistent legacy effects (Liu et al., 2024). Stream water nitrate concentrations and soil solution nitrate levels
typically respond within a few years to reductions in nitrogen deposition, as decreased inputs reduce the magnitude of excess
nitrogen available for leaching (Yang et al., 2025).

However, recovery of soil base cation pools and pH occurs much more slowly, potentially requiring decades to centuries
depending on weathering rates, atmospheric deposition of base cations, and the severity of acidification and cation depletion that
occurred during the nitrogen saturation period. The groundwater nitrogen legacy represents another form of delayed response,
with nitrogen stored in groundwater continuing to discharge to surface waters for decades after surface inputs decline (Liu et al.,
2024). These legacy effects have important implications for water quality management, as they indicate that benefits of nitrogen
emission reductions may not be fully realized for extended periods.

5. Regional Case Studies and Comparative Analyses:
5.1 North America:

Atmospheric nitrogen deposition has had profound impacts on terrestrial and aquatic ecosystems throughout North
America, with significant regional variation in deposition patterns, ecological responses, and management approaches. The eastern
United States historically experienced the highest nitrogen deposition rates in North America, driven by dense populations,
extensive industrial activity, and fossil fuel combustion (Vet et al., 2014). However, implementation of the Clean Air Act and
subsequent amendments has led to substantial reductions in nitrogen oxide emissions and nitrogen deposition across much of this
region over the past two decades (Lu et al., 2016).

The ecological responses to elevated nitrogen deposition and subsequent decreases have been extensively documented in
eastern North American forests. Chronic nitrogen deposition contributed to soil acidification, base cation depletion, elevated
stream water nitrate concentrations, and changes in plant community composition favoring nitrophilous species (Fenn et al.,
2003). High-elevation spruce-fir forests proved particularly sensitive to nitrogen deposition effects, exhibiting crown dieback,
reduced frost hardiness, and elevated tree mortality attributed in part to calcium depletion and aluminum toxicity resulting from
soil acidification (Fenn et al., 2003).
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In contrast to decreasing trends in the eastern United States, the western United States experienced significant increases
in nitrogen deposition over recent decades, particularly in California, the Southwest, and parts of the Mountain West (Lu et al.,
2016). Sources of nitrogen in these regions include agricultural ammonia emissions, urban NOx emissions, and long-range
transport of pollutants. High-elevation catchments in Colorado show elevated stream water nitrate concentrations, while southern
California and southwestern Sierra Nevada chaparral catchments exhibit unusually high nitrate levels (Fenn et al., 2003). Chronic
nitrogen deposition in the western United States has been implicated in increased fire frequency in some areas and habitat
alteration for threatened species (Fenn et al., 2003).

5.2 Europe

Europe has a long history of elevated nitrogen deposition and extensive research on its ecological consequences. Many
European forests and aquatic ecosystems experienced nitrogen saturation, soil acidification, and water quality degradation during
the mid-to-late 20th century when nitrogen emissions peaked (Yang et al., 2025). The implementation of coordinated international
policies, including the Convention on Long-Range Transboundary Air Pollution and associated protocols, led to substantial
reductions in nitrogen oxide and ammonia emissions across much of Europe beginning in the 1990s.

Long-term monitoring sites across Europe have documented ecosystem responses to declining nitrogen deposition. Soil
solution chemistry, foliar nitrogen content, and stream water nitrate concentrations have generally decreased in response to
reduced inputs, demonstrating some capacity for ecosystem recovery (Yang et al., 2025). However, legacy effects persist,
particularly regarding soil acidification and base cation depletion, which recover more slowly than nitrogen cycling parameters.

The Rhine River basin provides a particularly well-studied example of both the impacts of elevated nitrogen deposition
and groundwater nitrogen legacy effects. Strategies to reduce nitrogen loading to groundwater have been successful in this basin,
yet the large amounts of nitrogen temporarily stored in groundwater continue to influence surface water quality (Liu et al., 2024).
This illustrates that even with effective emission controls and reduced atmospheric deposition, water quality improvements may
lag by years to decades due to legacy nitrogen stored in soils and groundwater.

5.3 East Asia:

East Asia, particularly China, represents the most dramatic case of increasing atmospheric nitrogen deposition over
recent decades. Rapid industrialization, urbanization, and agricultural intensification led to unprecedented rates of nitrogen
emission growth, making China the global hotspot for nitrogen deposition by the early 21st century (Yang et al., 2025). Annual
nitrogen deposition in many regions of eastern China exceeded 30-50 kg N ha™', far surpassing critical loads for most ecosystem
types and representing some of the highest deposition rates globally (Lu et al., 2016).

The ecological consequences of this extreme nitrogen deposition have been severe. Research in southern Chinese forests
has documented advanced soil acidification, with pH values below 4.0, negative acid neutralizing capacity, and depletion of base
cations throughout soil profiles (Mo et al., 2014). These conditions existed even in relatively pristine forests far from direct
agricultural or industrial sources, demonstrating the regional-scale impacts of atmospheric nitrogen deposition. Aquatic
ecosystems in China have also been profoundly affected, with widespread eutrophication of lakes and reservoirs, elevated stream
water nitrate, and expansion of coastal hypoxic zones (Shi et al., 2019).

However, recent policy interventions and economic structural changes have begun to alter nitrogen deposition trajectories
in China. Emission controls, energy efficiency improvements, and shifts in industrial structure have led to stabilization or decline
in nitrogen deposition in some regions since approximately 2015 (Yang et al., 2025). Nevertheless, absolute deposition rates
remain high compared to most other regions globally, and ecosystems will require decades to recover from the accumulated
effects of extreme nitrogen loading.

5.4 Developing Regions: South Asia, Southeast Asia, Latin America, and Africa:

While North America, Europe, and East Asia have received the majority of research attention regarding nitrogen
deposition, emerging evidence indicates that deposition is increasing in many developing regions that have minimal monitoring
infrastructure and limited research capacity. South Asia, Southeast Asia, Latin America, and Africa are experiencing rapid
population growth, industrialization, agricultural intensification, and urbanization all factors that drive increased nitrogen
emissions and deposition (Yang et al., 2025).

The transfer of global nitrogen deposition hotspots from developed to developing regions represents a major shift in the
geography of this environmental challenge. Calculations suggest that global hotspots of nitrogen deposition are moving from
developed to developing regions, with substantial increases observed in South Asia and Southeast Asia in particular (Yang et al.,
2025). These regions face the prospect of experiencing the same ecological degradation that occurred in industrialized nations
during their peak nitrogen emission periods, but often lack the monitoring networks, research infrastructure, and regulatory
frameworks to effectively manage nitrogen pollution.

Africa presents a particularly complex picture. Contrary to initial expectations that nitrogen deposition would increase
continuously with economic development, nitrogen deposition in Africa has shown an increase followed by stabilization. Further
analysis revealed that atmospheric NO: concentrations and PM..s in Africa have both been decreasing, and GDP per capita has
experienced stagnant growth in the past decade, potentially explaining the unexpected nitrogen deposition trajectory (Yang et al.,
2025).

6. Synthesis: Integrated Assessment of Nitrogen Deposition Effects:
6.1 Coupled Soil-Water System Responses:

The effects of atmospheric nitrogen deposition on soil and water chemistry are fundamentally interconnected through
hydrological, biogeochemical, and ecological linkages. Nitrogen deposited to terrestrial surfaces undergoes a complex series of
transformations mediated by vegetation uptake, soil microbial processes, and physicochemical reactions before potentially being
exported to aquatic systems. Understanding these coupled responses is essential for predicting the full environmental
consequences of nitrogen deposition and for developing effective management strategies.

The progression from atmospheric nitrogen deposition to water quality impacts follows multiple pathways. Direct
deposition to water surfaces provides immediately bioavailable nitrogen to aquatic organisms, while terrestrial nitrogen cycling
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determines the timing, quantity, and chemical form of nitrogen exported from watersheds to receiving waters. In systems with

high nitrogen retention capacity (unsaturated systems), deposited nitrogen is efficiently assimilated into biomass and soil organic

matter, with minimal export to aquatic systems. As systems progress toward nitrogen saturation, retention efficiency declines, and
increasing proportions of deposited nitrogen are exported as nitrate in drainage waters.

The chemical form of exported nitrogen has important ecological implications. Nitrate is highly mobile, resistant to
further transformation under aerobic conditions, and immediately bioavailable to aquatic primary producers. Dissolved organic
nitrogen (DON) represents another important export pathway, particularly in systems with high soil organic matter content and
during periods of hydrologic flushing. The ratio of inorganic to organic nitrogen in surface waters reflects the balance of terrestrial
nitrogen transformation processes and can indicate the degree of nitrogen saturation in contributing terrestrial ecosystems.

6.2 Temporal Dynamics and Lag Effects:

The temporal dynamics of ecosystem responses to atmospheric nitrogen deposition span multiple time scales, from
immediate physiological responses of individual organisms to decadal-scale changes in ecosystem structure and century-scale
geochemical shifts. Understanding these temporal patterns is critical for interpreting monitoring data, predicting future
trajectories, and setting realistic expectations for ecosystem recovery following emission reductions.

Short-term responses (days to months) include physiological adjustments of plants and microorganisms to altered
nitrogen availability, changes in foliar nitrogen concentrations, and shifts in soil solution chemistry. Intermediate-term responses
(years to decades) encompass changes in vegetation community composition, progressive soil acidification, accumulation of
nitrogen in soil organic matter, and establishment of new steady-state nitrogen cycling rates. Long-term responses (decades to
centuries) involve fundamental alterations to soil mineral weathering, changes in soil parent material buffering capacity, and
legacy effects in groundwater nitrogen stores (Liu et al., 2024).

The existence of substantial lag effects and legacy nitrogen pools has critical implications for environmental policy. Even
with immediate cessation of excess nitrogen inputs, ecosystem recovery may require decades to centuries depending on the
severity and duration of nitrogen loading and the specific ecosystem attributes being considered. Groundwater nitrogen legacy
represents a particularly important lag effect, as nitrogen stored in aquifers continues discharging to surface waters long after
terrestrial inputs decline (Liu et al., 2024).

6.3 Cumulative and Interactive Effects:

Atmospheric nitrogen deposition rarely acts in isolation but instead interacts with multiple other environmental stressors
including climate change, elevated atmospheric CO:, tropospheric ozone pollution, land-use change, and altered disturbance
regimes. These interactive effects can be synergistic (amplifying impacts), antagonistic (moderating impacts), or complex and
context-dependent.

Climate change interactions with nitrogen deposition are particularly important. Warming temperatures can accelerate
soil nitrogen mineralization and nitrification rates, potentially increasing nitrogen availability and leaching (Norton et al., 2019).
However, warming may also extend growing seasons and increase vegetation productivity in some regions, enhancing biological
nitrogen demand and retention capacity. Changes in precipitation patterns alter the balance between wet and dry nitrogen
deposition, influence hydrologic nitrogen export pathways, and modify soil moisture conditions that affect nitrogen
transformations.

Elevated atmospheric CO: can interact with nitrogen deposition through effects on plant carbon-nitrogen relationships.
Increased photosynthesis under elevated CO: may increase carbon allocation to roots and mycorrhizae, potentially enhancing
nitrogen uptake capacity. However, progressive nitrogen limitation may constrain CO: fertilization effects in systems already
experiencing nitrogen saturation. The net outcome of CO--nitrogen interactions likely varies with baseline nitrogen status, with
nitrogen-limited systems responding more strongly to the addition of both resources than nitrogen-saturated systems.

6.4 Socioeconomic Drivers and Policy Responses:

The spatial and temporal patterns of atmospheric nitrogen deposition reflect underlying socioeconomic processes
including economic development, energy system transformations, agricultural practices, urbanization, and international trade.
Understanding these drivers is essential for projecting future nitrogen deposition trajectories and for designing effective policy
interventions.

The historical pattern in developed nations involved increasing nitrogen emissions and deposition during periods of
industrialization and agricultural intensification, reaching peak levels in the mid-to-late 20th century, followed by declines as
clean air regulations were implemented and economic structures shifted toward less emission-intensive activities (Yang et al.,
2025). This trajectory suggests that nitrogen deposition follows a type of environmental Kuznets curve, initially increasing with
economic development before eventually declining as societies prioritize environmental quality and implement mitigation
technologies.

However, the transferability of this pattern to currently developing regions is uncertain. Differences in technological
adoption, regulatory capacity, environmental awareness, and development pathways may lead to different nitrogen emission and
deposition trajectories. International trade and manufacturing relocation have contributed to the transfer of nitrogen emissions
from developed to developing countries, raising questions of environmental justice and the effectiveness of national-scale policy
approaches for addressing transboundary pollution problems (Yang et al., 2025).

7. Management Implications and Future Directions:
7.1 Nitrogen Emission Reduction Strategies:

Reducing atmospheric nitrogen emissions at source represents the most effective long-term strategy for limiting nitrogen
deposition and its environmental consequences. Multiple technological and policy approaches can contribute to emission
reductions across different source sectors.

For transportation sources, which contribute primarily nitrogen oxides (NOx), emission control technologies include
catalytic converters, selective catalytic reduction systems, and exhaust gas recirculation. The transition from internal combustion
engines to electric vehicles offers potential for substantial emission reductions, though the magnitude of benefits depends on
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electricity generation sources. Improved fuel efficiency standards and promotion of public transportation, walking, and cycling
represent complementary approaches.

Industrial nitrogen oxide emissions can be reduced through combustion optimization, installation of selective catalytic
reduction systems, fuel switching to lower-nitrogen-content fuels, and energy efficiency improvements that reduce total fuel
consumption. The power generation sector has achieved substantial NOx emission reductions in many developed countries through
installation of control technologies and shifts toward natural gas and renewable energy sources.

Agricultural ammonia emissions, which represent the primary source of reduced nitrogen to the atmosphere, can be
addressed through improved nitrogen fertilizer management practices including precision application technologies, use of slow-
release fertilizers, incorporation of fertilizers to reduce volatilization, and optimization of application timing to match crop
demand. Livestock management practices including dietary modifications, improved manure handling and storage, and rapid
incorporation of applied manure can also reduce ammonia emissions substantially.

7.2 Ecosystem-Based Management Approaches:

While emission reductions address nitrogen deposition at source, ecosystem-based management approaches can help
mitigate impacts and enhance ecosystem resilience to nitrogen enrichment. These approaches aim to optimize ecosystem nitrogen
retention capacity, support recovery of degraded systems, and protect particularly sensitive ecosystems.

Forest management practices can influence ecosystem nitrogen cycling and retention. Maintaining forest age diversity
and structural complexity enhances overall nitrogen retention by providing diverse niches with different nitrogen demands.
Limiting clear-cutting and promoting selective harvesting reduces nitrogen mineralization pulses that occur following stand
removal. However, timber harvesting also removes nitrogen accumulated in biomass, potentially creating a net nitrogen sink. The
balance between nitrogen removal in harvested biomass and nitrogen mobilization from soil disturbance determines net effects on
nitrogen retention.

Restoration of base cation pools in acidified soils through liming can ameliorate some effects of nitrogen-induced
acidification. Lime application raises soil pH, increases base saturation, and reduces aluminum mobility, potentially improving
tree health and reducing nitrate leaching. However, liming treats symptoms rather than causes and requires repeated applications
unless nitrogen deposition is reduced. The environmental impacts of lime extraction, transportation, and application must also be
considered in evaluating this approach.

Buffer zones and riparian vegetation strips can intercept nitrogen in shallow groundwater and surface runoff before it
reaches streams, lakes, and wetlands. Riparian vegetation assimilates nitrogen in biomass and supports denitrification processes
that convert nitrate to gaseous nitrogen forms. The effectiveness of riparian buffers varies with buffer width, vegetation type,
hydrologic connectivity, and nitrogen loading rates.

7.3 Monitoring and Assessment Frameworks:

Effective management of nitrogen deposition impacts requires comprehensive monitoring programs that track
atmospheric deposition, ecosystem nitrogen status, and water quality responses. Integration of these monitoring data streams
provides early warning of emerging problems and evaluates effectiveness of management interventions.

Atmospheric deposition monitoring networks measure wet and dry nitrogen deposition using standardized protocols. Wet
deposition is typically measured using precipitation collectors that capture rain and snow for chemical analysis. Dry deposition is
more challenging to measure directly and is often estimated using measured or modeled atmospheric concentrations combined
with deposition velocity models. Expansion of monitoring networks in developing regions represents a critical need, as current
networks are heavily concentrated in North America, Europe, and East Asia, leaving vast regions with minimal coverage (Yang et
al., 2025).

Ecosystem nitrogen status indicators provide information about how deposited nitrogen is being processed and retained.
These include: soil solution nitrate concentrations, foliar nitrogen concentrations and N:P ratios, fine root biomass and
mycorrhizal colonization, microbial community composition and nitrogen transformation rates, and plant community composition
changes favoring nitrophilous species. Regular assessment of these indicators can identify systems approaching nitrogen
saturation before water quality degradation occurs.

Water quality monitoring provides the ultimate assessment of whether terrestrial systems are retaining deposited nitrogen
or exporting it to aquatic ecosystems. Key parameters include stream water nitrate concentrations and their seasonal and event-
based patterns, nitrate export loads relative to deposition inputs, groundwater nitrate concentrations and trends, lake and reservoir
nutrient concentrations and trophic status, and biological indicators including phytoplankton abundance and community
composition.

7.4 Knowledge Gaps and Research Priorities:

Despite substantial progress in understanding atmospheric nitrogen deposition effects on soil and water chemistry,
significant knowledge gaps remain. Addressing these gaps will improve predictive capacity, support more effective management,
and advance fundamental understanding of nitrogen cycle dynamics in human-dominated Earth systems.

The nitrogen deposition-climate change interaction represents a critical research frontier. How will warming
temperatures, altered precipitation patterns, extended growing seasons, and changing disturbance regimes modify ecosystem
responses to nitrogen deposition? Will climate-driven increases in nitrogen mineralization exacerbate nitrogen saturation, or will
enhanced plant growth increase nitrogen retention capacity? These questions have important implications for projecting future
trajectories under combined global change stressors.

The role of organic nitrogen in atmospheric deposition and its ecological effects remain poorly understood compared to
inorganic nitrogen forms. Dissolved organic nitrogen (DON) can constitute 20-40% of total nitrogen in wet deposition in some
regions, yet its bioavailability, ecosystem uptake rates, and effects on soil and water chemistry are understudied. Better
characterization of DON sources, composition, and fate would improve understanding of total nitrogen deposition impacts.

Microbial community responses to chronic nitrogen deposition and their feedbacks on nitrogen cycling warrant further
investigation. How do shifts in microbial community composition affect nitrogen transformation rates, nutrient retention
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efficiency, and ecosystem recovery potential? Advanced molecular and isotopic techniques offer opportunities to link microbial
community structure to ecosystem-scale nitrogen cycling processes.

The effectiveness and cost-benefit ratios of various management interventions need more rigorous evaluation.
Comparative studies assessing emission reduction approaches, ecosystem restoration techniques, and monitoring strategies across
different environmental and socioeconomic contexts would inform evidence-based policy decisions. Long-term experiments and
monitoring programs are particularly valuable, as they capture the lagged and cumulative effects that shorter-term studies may
miss.

7.5 Policy Recommendations:

Effective management of atmospheric nitrogen deposition and its impacts on soil and water chemistry requires integrated
policy approaches spanning emission source controls, ecosystem protection, water quality management, and international
cooperation.

Strengthening clean air regulations to reduce nitrogen oxide and ammonia emissions across transportation, industrial, and
agricultural sectors should remain a policy priority. Where such regulations already exist, continued implementation and
enforcement are essential. In regions currently experiencing increasing nitrogen deposition, establishing effective emission control
frameworks before ecosystems reach nitrogen saturation would prevent ecological damage and avoid costly restoration
requirements.

Critical loads frameworks should be more widely adopted as science-based policy tools. Establishing nitrogen deposition
limits based on ecosystem sensitivity and desired protection levels provides clear targets for emission reduction policies. Maps
identifying regions where current deposition exceeds critical loads can prioritize management attention and resources. Regular
updates to critical loads estimates incorporating new scientific understanding ensure policy relevance.

Integrated watershed management approaches that address multiple nitrogen sources including atmospheric deposition,
agricultural runoff, wastewater discharge, and urban storm water are essential for water quality protection. Atmospheric nitrogen
deposition should be explicitly considered in total maximum daily load (TMDL) calculations and nutrient management plans, as it
can represent a substantial fraction of total nitrogen inputs to sensitive watersheds and water bodies.

International cooperation mechanisms are critical for addressing transboundary nitrogen pollution. Atmospheric transport
carries nitrogen emissions across political boundaries, requiring coordinated regional and international policy responses. Existing
frameworks such as the Convention on Long-Range Transboundary Air Pollution in Europe provide models that could be adapted
to other regions experiencing transboundary nitrogen pollution issues.

8. Conclusions:

Atmospheric nitrogen deposition represents a pervasive anthropogenic alteration of terrestrial and aquatic
biogeochemistry with profound consequences for soil and water chemistry across diverse ecosystems globally. This synthesis
demonstrates that chronic nitrogen deposition drives systematic changes in fundamental soil properties including pH, acid
neutralizing capacity, cation exchange capacity, base saturation, and microbial community composition. These soil chemistry
changes cascade through ecosystems, affecting vegetation health, nutrient cycling efficiency, and nitrogen export to aquatic
systems.

The mechanisms linking nitrogen deposition to soil acidification are well-established. Nitrification of deposited
ammonium generates hydrogen ions that directly acidify soils, while mobile nitrate leaching transports base cations out of soil
profiles, depleting nutrient reserves and reducing buffering capacity. Long-term experimental studies demonstrate that nitrogen
addition rates comparable to contemporary deposition levels in polluted regions significantly accelerate soil acidification, even in
already-acidified tropical forest soils with pH below 4.0 (Mo et al., 2014).

Water quality impacts of atmospheric nitrogen deposition operate through both direct deposition to water surfaces and
indirect pathways via terrestrial nitrogen export. In nitrogen-limited aquatic ecosystems, atmospheric nitrogen inputs drive
eutrophication by stimulating primary production, altering nutrient stoichiometry, and promoting harmful algal blooms. The
subsequent decomposition of algal biomass depletes dissolved oxygen, creating hypoxic dead zones that fundamentally alter
aquatic habitat quality and biological communities (Howarth and Marino, 2006). Nitrate contamination of groundwater represents
another critical water quality concern, with legacy nitrogen stored in aquifers continuing to affect surface water quality for
decades after surface inputs decline (Liu et al., 2024).

The nitrogen saturation hypothesis provides a valuable conceptual framework for understanding the progression of
ecosystem responses to chronic nitrogen deposition. As systems transition from nitrogen-limited to nitrogen-saturated states,
biological nitrogen retention efficiency declines, nitrate leaching intensifies, and a cascade of secondary effects unfolds including
base cation depletion, aluminum mobilization, vegetative stress, and ultimately ecosystem functional changes (Aber et al., 1989;
Fenn et al., 2003). Evidence for nitrogen saturation has been documented in temperate forests of North America and Europe and
increasingly in tropical forests of Asia experiencing extreme nitrogen deposition rates (Mo et al., 2014).

Global nitrogen deposition patterns are shifting, with hotspots moving from developed regions that have implemented
emission controls toward developing regions experiencing rapid industrialization and agricultural intensification (Yang et al.,
2025). This geographic transfer of nitrogen pollution presents both challenges and opportunities challenges in that many
developing regions lack the monitoring infrastructure and regulatory frameworks to effectively manage nitrogen pollution, but
opportunities to learn from the experiences of developed nations and potentially avoid the most severe ecological impacts through
proactive management.

Addressing the coupled challenges of atmospheric nitrogen deposition and its effects on soil and water chemistry requires
integrated approaches spanning emission source controls, ecosystem-based management, comprehensive monitoring, and
international cooperation. While emission reductions represent the most effective long-term solution, legacy effects in soils and
groundwater will continue influencing ecosystem functioning and water quality for decades even after inputs decline,
necessitating sustained management attention and realistic expectations for recovery timescales.
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Region / Country Time Period N Deposition Trend Reference
Global (terrestrial) 2020 92.7TgN Stable Yang et al., 2025
East Asia (China) 2000-2015 30-50 Increase then stabilize Yang et al., 2025
Eastern United States 1990-2016 Aug-15 Decrease Luetal., 2016
Western United States 1990-2016 05-Dec Increase Luetal, 2016
Western Europe 1990-2016 Oct-20 Decrease Luetal, 2016
Japan 1990-2016 Oct-18 Decrease Luetal., 2016
South Asia 2000-2020 Variable Increase Yang et al., 2025
Southeast Asia 2000-2020 Variable Increase Yang et al., 2025
Latin America 2000-2020 Variable Increase Yang et al., 2025

Table 1: Regional atmospheric nitrogen deposition rates and temporal trends across major global regions. Data compiled from
multiple studies showing the geographic shift in nitrogen deposition hotspots from developed to developing regions.

Treatment Soil Depth (cm) pH (H,0) Base Saturation (%) ANC (mmolc kg)
0-10 3.85 7.2 -0.35
Control Oct-20 3.92 6.8 -0.42
20-30 4.05 6.5 -0.38
0-10 3.72 5.8 -0.58
Medium-N (100 kg) Oct-20 3.78 5.5 -0.65
20-30 3.88 5.2 -0.61
0-10 3.65 4.9 -0.72
High-N (150 kg) Oct-20 3.7 4.6 -0.78
20-30 3.8 4.4 -0.73

Table 2: Effects of six-year nitrogen addition on soil pH, base saturation, and acid neutralizing capacity (ANC) at different soil
depths in a tropical forest in Southern China. Data adapted from Mo et al. (2014). Negative ANC values indicate complete
depletion of acid-buffering capacity

Ecosystem Type Critical Load Sensitive Receptor Reference
Alpine lakes 03-May Phytoplankton, zooplankton Lepori etal., 2012
Ombrotrophic bogs 03-Aug Moss species, lichens Fenn et al., 2003
Subalpine coniferous forests 05-Oct Tree health, soil chemistry Fenn et al., 2003
Temperate deciduous forests Oct-20 Soil chemistry, nitrate leaching Fenn et al., 2003
Coastal estuaries Variable Primary production, hypoxia Howarth & Marino, 2006
Mediterranean ecosystems Aug-15 Soil chemistry, plant community Fenn et al., 2003

Table 3: Estimated critical loads of nitrogen deposition for different ecosystem types. Critical loads represent nitrogen deposition
thresholds below which significant harmful effects are unlikely to occur. Values vary based on ecosystem characteristics and
specific protection goals.
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Figure 3: Nitrogen-Driven Eutrophication Processes in Aquatic Ecosystems
This multi-line chart tracks the progression of nitrogen-driven eutrophication through six stages, showing:
e Nitrogen concentration increasing from 0.1 to 1.0 mg N/L

e N:P ratio rising from 10:1 to 30:1
o Dissolved oxygen declining from 8 to 2 mg/L as the system progresses to a hypoxic dead zone
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All three figures are now ready for use in your manuscript and accurately represent the data and concepts described in your
document.
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