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INTRODUCTION

As a result of human alteration of the global N cycle through 
fossil fuel combustion, fertilizer application, and cultivation of N- 
fixing crops, anthropogenic creation of reactive nitrogen (Nr) was 
estimated at 187 Tg (1012 g) N yr-1 in 2005, far exceeding the 
natural level of terrestrial N fixation at 90～130 Tg N yr-1 (Gallo-
way et al. 1995, 2008, Vitousek et al. 1997). This human interven-
tion in the global N cycle has serious potential ecological and en-
vironmental consequences, because increased N availability can affect 
all levels of ecological processes and organisms adapted to other-
wise N-limited ecosystems (Vitousek and Howarth 1991). Elevated 
atmospheric N deposition to forests has been of particular concern 
due to adverse effects on the structure and function of forest eco-
systems (Nihlgård 1985, Schulze 1989, McNulty et al. 1996), along 
with off-site environmental impacts including deterioration of down- 
stream water quality (Stoddard 1994, Aber et al. 2003) and altered 
atmospheric fluxes of trace greenhouse gases such as nitrous oxide 
and methane (Steudler et al. 1989, Tietema et al. 1991, Matson et 
al. 2002). 

Over the last couple of decades, concerns about these cascade 
effects of N deposition have led to initiation of many large research 
projects examining the interactions between N deposition and eco-
system processes in Europe (e.g., Tamm et al. 1995, Wright and van 
Breemen 1995, Wright and Rasmussen 1998, Giles 2005) and in 
North America (e.g., Kahl et al. 1993, Magill et al. 1996, Peterjohn 
et al. 1996, Pregitzer et al. 2004). One of the most surprising results 
from these studies has been the unexpected high rates of N reten-
tion in forests (Magill et al. 1997, Gundersen et al. 1998b, Nadel-
hoffer et al. 1999b), although high levels of atmospheric N inputs 
had long been believed to lead to forest N saturation, causing loss 
of N in excess of forest demand (Ågren and Bosatta 1988, Aber 
et al. 1989). To explain the discrepancy between the N saturation 
hypothesis and the observed high rates of N retention in forests, 
alternative hypotheses have been proposed, including mycorrhizal 
assimilation (Aber et al. 1998) and abiotic immobilization (Dail et 
al. 2001).

The forest floor has been proposed as the primary sink for atmo-
spheric N deposited in forests (Emmet et al. 1998, Currie et al. 
1999, Currie and Nadelfoffer 1999, Nadelhoffer et al. 1999a, 2004). 
N addition experiments employing 15N tracers have shown higher 
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rates of N retention in soil organic horizons than in mineral soils 
(Tietema et al. 1998, Nadelhoffer et al. 1999a, 2004). Since increased 
inputs of N to forests with limited natural supply can lead to greater 
tree biomass accumulation per unit area, recent studies have sug-
gested that N-stimulated tree C accumulation might account for a 
substantial portion of missing C in temperate regions (Kauppi et al. 
1992, Schimel 1995, Melillo 1996, Townsend et al. 1996). On the 
other hand, experiments conducted in relatively N-rich forests have 
shown that forests accumulating substantial amounts of deposited N 
in soil organic horizons can also accumulate higher total soil or-
ganic matter through reduced organic matter decomposition (Nohr-
stedt et al. 1989, Smolander et al. 1994, Magill and Aber 1998, 
Pregitzer et al. 2008). N-induced changes in soil organic matter 
accumulation have important implications for the global C cycle, 
because altered rates of organic matter decomposition can provide 
either positive or negative feedbacks to rising atmospheric CO2 
concentrations and hence climatic warming (Nadelhoffer et al. 1999b, 
Magnani et al. 2007, Pregitzer et al. 2008). 

The primary objective of this review is to provide an overview 
of the effects of atmospheric N deposition on microbial-detrital 
processes in the forest floor, with particular focus on changing C-N 
interactions under chronic N deposition and their implications for 
forest C sequestration. Specifically, I summarize recent advances in 
knowledge of N retention processes in the forest floor with par-
ticular reference to forest C sequestration to provide insights into 
the biogeochemical response of forest ecosystems to concurrent 
changes in atmospheric CO2 and N deposition.

ATMOSPHERIC N DEPOSITION AND FOREST N  
SATURATION

N enrichment or saturation of forests in response to long-term, 
high-level atmospheric N deposition can have cascades of ecologi-
cal and environmental consequences, ranging from changes in forest 

Table 1. Different definitions of N saturation

Major criteria Definition Reference

Plant growth No further growth response of vegetation to an increase in the supply of N 
Nilsson (1986)

(re-cited from Gundersen 1991)

Ecosystem N balance An equivalence or excess of N losses from a system to N inputs to the system Ågren and Bosatta (1988)

Inorganic N balance
The availability of ammonium and nitrate in excess of total combined plant and 
microbial nutritional demand

Aber et al. (1989)

Alleviation of N limitation
A temporal series of changes in ecosystem processes in response to increased N 
availability and the subsequent alleviation of N limitations on plant, microbial, and 
abiotic soil processes

Aber (1992) and Aber et al. 
(1995)

vitality through downstream water pollution to alteration of green-
house gas fluxes. Major ecological and environmental impacts of 
elevated atmospheric N deposition, along with relevant references, 
are summarized in Table 2. Elevated atmospheric N inputs in other-
wise N-limited forests can initially enhance forest productivity (Aber 
et al. 1989, Tamm et al. 1995). Over a prolonged period, however, 
chronic N deposition leads to a series of negative effects on a num-
ber of ecosystem processes.

Since the concept of nitrogen saturation was first introduced by 
Ingestad et al. in 1981 (Stud. For. Suec. 160: 61～71; re-cited from 
Aber 1992), numerous research projects have been conducted to 
investigate a range of ecological consequences of chronic N depo-
sition and subsequent N enrichment or saturation of forests. Although 
the term ‘N saturation’ has been defined in several different ways 
(Table 1), it is now generally accepted that N saturation of an eco-
system is usually manifested by the long-term alleviation of N 
limitation on biological function and a subsequent decrease in the 
N retention capacity of the system (Gundersen 1991, Magill et al. 
1997, Aber et al. 1998, 2003, Fenn et al. 1998).

N saturation has been hypothesized to progress through four su-
ccessional stages (Aber et al. 1989). According to this model, ma-
jor symptoms of N saturation emerge in stage 2 after positive 
responses of forests in stage 1 that occur when N limitation (stage 
0) is alleviated and foliar N concentrations and tree production in-
crease. In stage 3, chronic N deposition leads to forest decline 
following extraordinarily increased tree mortality.

Common to the majority of results from N saturation studies are 
temporary increases in N mineralization, continuous increases in 
nitrification, nitrate leaching, and foliar N content, and decreases in 
the ratios of Ca : Al and Mg : N (Aber et al. 1998). However, there 
is growing evidence that nitrate leaching is not simply proportional 
to the current level of N deposition. Soil N status, often coupled 
with land-use history, has been hypothesized to be more important 
than the current level of N deposition in determining rates of nitrate 
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Table 2. Major on- and off-site impacts of forest N saturation

Major effects Symptoms Major references

On-site 
impacts

Foliar nutrient responses N excess, nutritional deficiency and imbalances
Fenn et al. 1996, Magill et al. 1997, Boxman 
et al. 1998, Elvir et al. 2005

Changes in stress tolerance 
of trees

Increased susceptibility to frost, droughts, pests, etc. Nihlgård 1985, Schulze 1989

Changes in reproductive 
efficiency of trees

Reduced reproductive efficiency
Falkengren-Grerup and Eriksson 1990, Wedin 
and Tilman 1996, Brunet et al. 1998

Tree mortality Increased tree mortality and forest decline
Nihlgård 1985, Schulze 1989, McNulty et al. 
1996

Altered soil chemistry
Acidification caused by nitrification and nitrate leaching, 
base cation depletion, and increased inorganic Al

Kahl et al. 1993, Matzner and Murach 1995, 
Gundersen et al. 1998b

Disturbed biogeochemical 
cycles

Altered rates of soil organic matter decomposition and 
N cycle

Fog 1988, Berg and Matzner 1997, Magill and 
Aber 1998, Pregitzer et al. 2004, 2008

Effects on soil biota Changes in patterns of mycorrhizal infection Rühling and Tyler 1991, Boxman et al. 1998

Off-site 
impacts

Stream water pollution
Increases in nitrate leaching and export to downstream 
waters

Stoddard 1994, Dise and Wright 1995, Aber et 
al. 2003, Driscoll et al. 2003

Effects on aquatic biota
Increased mortality of fish and other sensitive species 
from increased acidity and inorganic Al concentrations

Hinga et al. 1991, Jaworski et al. 1997, Raba-
lais 2002

Effects on air quality Increased production of photochemical oxidants Dentener et al. 2006

Effects on global warming
Changes in formation of trace greenhouse gases (N2O 
& O3) and aerosols

Gundersen 1991, Tietema et al. 1991, Hall and 
Matson 1999, Matson et al. 2002

Indirect effects on greenhouse 
gas exchange

Decreases in methane consumption in soils Steudler et al. 1989

leaching (Aber and Driscoll 1997, Gundersen et al. 1998b). Gun-
dersen et al. (1998b) attributed the observed discrepancy between N 
deposition and nitrate leaching to the land-use history of the forest 
stands and further argued that nitrate leaching can be delayed for 
several years at sites with low levels of N stock, even under high 
levels of N deposition. The ratio of C to N in the forest floor has 
been proposed as a sensitive indicator of the site N status and N 
leaching potential (Dise et al. 1998, Gundersen et al. 1998a, Lovett 
et al. 2002, MacDonald et al. 2002, Gundersen et al. 2006). For 
example, in a compilation of regional data sets on N leaching from 
European forests, Gundersen et al. (2006) found that a forest floor 
C/N ratio of 25 was the threshold for elevated nitrate leaching from 
coniferous forests under chronic N deposition.

Predicting the timing of N saturation is critical for the deter-
mination of critical loads of N for sensitive forest ecosystems (Aber 
1992, Jefferies and Maron 1997). On the basis of nitrate leaching 
patterns, Dise and Wright (1995) proposed an N deposition ‘input 
threshold’ in the range of 10～25 kg N ha-1yr-1, above which no-
ticeable N leaching appears in runoff. Gundersen et al. (2006) found 

elevated nitrate concentrations in stream waters draining European 
forests with chronic N deposition at the level of 8～10 kg N ha-1 
yr-1. As noted, however, nitrate leaching often lags far behind the 
initiation of forest N saturation. Thus, predicting ecosystem res-
ponses to enhanced N deposition requires a more complete un-
derstanding of the capacity and mechanisms of forest N retention.

EFFECTS OF N DEPOSITION ON MICROBIAL-DETRITAL
COMPLEXES IN THE FOREST FLOOR

N Retention in the Forest Floor
N retention in forests is largely determined by the competition 

for available N between plants, heterotrophic microbes, and nitri-
fiers, along with nonbiological N incorporation into soil organic ma-
tter (Johnson 1992). Early N saturation studies assumed that plant 
uptake was likely to be the primary sink for N either from atmos-
pheric deposition or from fertilization (Aber et al. 1989), based on 
the hypothesis of forest N retention assuming increasing N leaching 
with increasing forest age (Vitousek and Reiners 1975). However, 
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recent evidence suggests that the forest floor and mineral soil are 
often more important N sinks than forest vegetation (Emmet et al. 
1998, Gundersen et al. 1998b, Tietema et al. 1998, Nadelhoffer et 
al. 1999b, 2004). In a cross-site comparison of 19 15N-tracer studies, 
Fenn et al. (1998) found a greater retention capacity in the soil 
pools than the vegetation, with 4～37 % of the labeled N recovered 
in vegetation and 19～87% in soil. Nadelhoffer et al. (1999b) found 
similar results, indicating the significance of soils as the primary N 
sink in a synthesis of the results from 15N-tracer studies conducted 
in six European and three North American forests. Their analysis 
found that less than 20% of 15N added for up to 3 years was re-
covered in tree biomass, while the remaining fractions were retained 
in the forest floor or mineral horizons. Stand age and understory 
vegetation might affect plant N uptake (Fenn et al. 1998). For exam-
ple, understory vegetation played a more important role in N re-
tention than overstory trees in some European forests (Buchman et 
al. 1996, Tietema et al. 1998).

Many 15N-tracer experiments have shown that the soil organic 
horizons are a stronger sink than the mineral soil (Tietema et al. 
1998, Nadelhoffer et al. 1999a, 2004). In some European forests, 
10～15% of added 15N was retained in the mineral soil, while the 
organic horizons retained up to 45% of applied 15N (Tietema et al. 
1998). Nadelhoffer et al. (1999a) also reported a higher retention 
capacity of the forest floor (34～44%) than the mineral soil (15～
28%) in two chronically N-fertilized forests. Based on the decreased 
efficiency of N retention in the forest floor with increasing N input, 
along with the absence of significant changes in the N retention 
efficiency of trees and mineral soil, Tietema et al. (1998) suggested 
that increased N leaching loss from N-enriched forests might be a 
result of the saturation of microbial N immobilization capacity. 

Although substantial amounts of N retained in forests appear to 
accumulate in the soil pools, there is very limited information about 
the processes and controls of microbial and abiotic N incorporation 
in the forest floor. Johnson (1992) argued that N incorporation into 
soil organic matter is in part nonbiological in nature, controlled by 
physicochemical properties and litter inputs from above-ground 
plants. In a laboratory incubation experiment using both sterilized 
and nonsterilized forest floor samples, Schimel and Firestone (1989) 
found that 20% of 15N-labeled ammonium was abiotically incorpo-
rated in the forest floor samples. Although it has long been believed 
that microbial N assimilation plays a dominant role in the retention 
of N in soil organic pools (Sjöberg and Persson 1998, Tietema et 
al. 1998, Park et al. 2002), some recent studies ascribed rapid 
immobilization of nitrate in soil organic matter to abiotic transfor-
mation processes involving nitrate reduction by iron and reaction of 
nitrite with dissolved organic matter (Dail et al. 2001, Davidson et 
al. 2003). In a follow-up study, however, Colman et al. (2007) showed 

that abiotic N retention observed in the previous studies might be 
the result of iron inference with nitrate measurements and argued 
that abiotic N retention is an unlikely explanation for the high rates 
of nitrate retention observed in many forests under chronic N 
deposition.

C Control on N Turnover in N-Enriched Forest Floors
Heterotrophs, or heterotrophic microorganisms, have traditionally 

been regarded as the most effective short-term competitor for avail-
able N in soils (Jones and Richards 1977, Roswall 1982, Riha et 
al. 1986, Zak et al. 1990, Johnson 1992). When heterotrophs and 
plat roots compete for ammonium in N-limited systems, the hetero-
trophs may have an advantage due to higher substrate affinity (Ros-
wall 1982, Verhagen et al. 1995). In contrast, nitrifiers have been 
regarded as weak competitors compared to heterotrophs or plants 
(Jones and Richards 1977, Roswall 1982, Riha et al. 1986). How-
ever, some recent studies have challenged this assumption. Stark and 
Hart (1997) found high rates of gross nitrification and microbial ni-
trate assimilation in 11 undisturbed forest soils, for which measure-
ments of net nitrification would not have revealed any production 
or assimilation of nitrate. Johnson (1992) suggested that nitrification 
could be dominant under certain conditions such as chronic low-level 
N deposition or frequent fertilization with small doses of N. Tiete-
ma (1998), however, found no significant gross microbial nitrate im-
mobilization in forest floor samples collected along an N deposition 
gradient across Europe.

Nitrifiers seem to become more competitive if the ammonium 
supply is in excess of heterotrophic maintenance requirement and 
thus some other growth factors, such as C, limit the growth of 
heterotrophs (Riha et al. 1986). The so-called ‘carbon control’ of 
microbial N assimilation has been shown in many field and labora-
tory incubation experiments (Jones and Richards 1977, Johnson and 
Edwards 1979, Reinertsen et al. 1984, Wheatley et al. 1991, Hart 
et al. 1994, Park et al. 2002 and 2006). In a laboratory incubation 
experiment, Hart et al. (1994) showed that large increases in nitrifi-
cation at the later stages of incubation were related to an elevated 
ammonium supply in excess of heterotrophic demand, which was 
presumably limited by the decline of available C sources. Stark and 
Hart (1997) also related high nitrification rates to high ammonium 
availability relative to C availability. 

In mineral soils the growth and activity of heterotrophic micro-
organisms appear to be primarily limited by the availability of C 
(Foster et al. 1980, Lynch 1982, McGill et al. 1986, Zak et al. 1990), 
whereas N limitation might be a more prevalent condition in C-rich 
organic soils (Wardle 1992, Gallardo and Schlesinger 1994, Scheu 
and Schaefer 1998). However, significantly reduced rates of N 
retention in the forest floor under chronic N deposition have been 
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shown in both field and laboratory manipulations of forest floor C 
sources, pointing to the possibility that N supply in excess of 
available C sources might be responsible for reduced microbial N 
immobilization in the N-enriched forest floor (Park et al. 2002, Park 
and Matzner 2006). 

To elucidate unexpectedly high rates of N retention in soil or-
ganic pools, Aber et al. (1998) hypothesized that soil microbes could 
assimilate more added N if untapped C sources become available 
in response to an N surge. DOC in soil solution was proposed as 
the most probable candidate and a decrease in DOC concentration 
following N fertilization was predicted to signify microbial N 
assimilation in chronically N-fertilized forests. Some N addition ex-
periments have reported significant increases (up to 200～300%) in 
dissolved organic nitrogen (DON) concentrations in forest floor lea-
chates following field fertilization (Currie et al. 1996, McDowell et 
al. 1998) or laboratory incubation (Park et al. 2002). However, the 
possibility of DOC as a bio-available C pool in N-enriched soils 
was not corroborated in many N fertilization studies (Currie et al. 
1996, Gundersen et al. 1998b, McDowell et al. 1998, 2004). Mc-
Dowell et al. (1998) detected no significant change in the supply 
of DOC from decomposition of fresh litter, root exudation, and my-
corrhizal fungi in response to the altered N status of fertilized forest 
floors under field conditions. Substantial amounts of DOC can also 
be produced from older litter or humified materials for a prolonged 
period without new C inputs (Park and Matzner 2003, Kalbitz et 
al. 2007). Aber et al. (1998) revised their original hypothesis and 
proposed that only mycorrhizal fungi can assimilate substantial 
amounts of added N without a high C cost, because they obtain C 
directly from their host plants. However, reduced growth of my-
corrhizal fungi has repeatedly been observed in chronically N-depo-
sited forests (Rühling and Tyler 1991, Boxman et al. 1998, Frey et 
al. 2004).

IMPLICATIONS OF CHANGING C-N INTERACTIONS FOR  
FOREST C SEQUESTRATION

Although forest floors store only 3 to 6% of the global C pool 
in the top 3 m of mineral soil, forest floor C pools can change in 
size relatively quickly in response to changes in environmental con-
ditions as compared to the mineral soil (Currie et al. 2003). Thus, 
slight changes in forest floor C-N interactions in response to chro-
nic N deposition can have significant implications for C storage in 
organic horizons and N distribution among different forest compart-
ments. In evaluating the contribution of N deposition to C sequest-
ration in forests, it is crucial to understand how retained N in fo-
rests is distributed among forest compartments (Melillo 1996, Nadel-
hoffer 1999a). For example, Nadelhoffer et al. (1999b) obtained a 

much lower value (0.25 Pg C yr-1) for terrestrial C sequestration 
attributed to N deposition than other reported estimates (1.5～2.0 
Pg C yr-1), because they assumed that most N retained in temperate 
forests accumulates in soil pools with lower C/N rather than in the 
woody compartment, which has higher C/N ratios. 

Recent findings have allowed categorization of forest floor N 
retention mechanisms into three major pathways, each of which has 
different consequences for C sequestration and forest responses to 
climate change (Fig. 1). N availability has been proposed as a major 
constraint on plant biomass accumulation in response to rising at-
mospheric CO2 (Hungate et al. 2003, Reich et al. 2006) or climatic 
warming (Shaver et al. 2000), although the response of plant C 
accumulation to environmental changes is determined by a suite of 
controlling factors other than N, including plant species and soil 
nutritional status. As depicted in pathway I of Fig. 1, increased in-
puts of N to forests with limited natural supply can initially enhance 
tree biomass accumulation per unit area through increased activity 
of the photosynthesizing enzyme RUBISCO (Högberg 2007). The 
terrestrial C sink represents 15～30% of annual global emission of 
C from anthropogenic sources and evidence for biomass C accu-
mulation in boreal and temperate forests has lately been provided 
by satellite observations or plot-level measurements of ecosystem C 
exchange (Myneni et al. 2001, Magnani et al. 2007). These results 
corroborate the previous findings suggesting that increasing N 
deposition over large forested regions can stimulate tree growth and 
this N-stimulated C storage might account for a substantial portion 
of the missing C in temperate regions (Kauppi et al. 1992, Schimel 
1995, Melillo 1996, Townsend et al. 1996). A recent analysis of C 
balance measurements across a network of forests in Europe and the 
USA along a range of N deposition levels showed that forest net 
C sequestration was primarily driven by N deposition when the 
confounding effects of natural disturbances had been removed (Mag-
nani et al., 2007). Magnani et al. (2007) ascribed N-induced in-
creases in forest C storage to the positive growth response of plants 
to moderate levels of N deposition, assuming that plants outcompete 
soil microbes for excess N supply.

In N-saturated forests, C loss from forests can equal or outweigh 
C gain (pathway Ⅱ in Fig. 1). According to the N saturation hypo-
thesis summarized in the previous section, the fertilization effects of 
N on forest growth are temporary, as growth is constrained by the 
adverse effects of N saturation or limiting factors other than N. 
Asner et al. (1997) used the concept ‘decoupling of C and N cy-
cles’ to describe the reversal of earlier N-stimulated increases in C 
sequestration by a leveling-off or decline when N limitation is alle-
viated and further C storage is offset by C loss from negative effects 
of N saturation. The apparent discrepancy between the predicted 
decreases in N-induced C storage in N-saturated forests (sensu As-
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N

Fig. 1. Schematic diagram of three different pathways of N retention in the forest floor and their implications for forest C sequestration.

ner et al. 1997) and the observed relatively high plant C accumu-
lation in European forests under chronically elevated N deposition 
(de Vries et al. 2006, Maganani et al. 2007) raises a question as 
to how much and for how long N must be added to forests to in-
duce the shift from N-induced C storage to C-N decoupling. 

Somewhat contrasting results with regard to N-induced C storage 
have led to the exploration of other possible pathways for N reten-
tion in forest soils under ambient levels of N deposition. Abiotic 
N immobilization in forest soils, which has been proposed by some 
researchers as the primary mechanism allowing high N retention in 
response to N fertilization (Dail et al. 2001, Davidson et al. 2003), 
represents one mechanism in which increased N deposition does not 
have clear effects on tree C accumulation, but N incorporated in the 
forest floor or mineral soil exerts positive or neutral influences on 
soil C sequestration (pathway III in Fig. 1). When N is abiotically 
incorporated in the soil, bypassing microbial or plat uptake, it will 

only lower soil C/N ratios without noticeable plant or soil C storage 
(de Vries et al. 2006).

The third pathway can also take another route if organic matter 
decomposition slows down in N-enriched soils, resulting in soil C 
accumulation (Magill and Aber 1998, Michel and Matzner 2002, 
Waldrop et al. 2004, Pregitzer et al. 2008). Over the past couple 
of decades there have been numerous reports on soil organic matter 
accumulation caused by reduced organic matter decomposition in 
N-enriched forests (e.g., Nohrstedt et al. 1989, Smolander et al. 
1994, Magill and Aber 1998, Pregitzer et al. 2008). In a long-term 
N fertilization experiment, Magill and Aber (1998) found a substan-
tial reduction in the rate of litter decomposition in N-fertilized plots. 
After a decade of experimental N additions to four different hard-
wood forests in Michigan, Pregitzer et al. (2008) also found signi-
ficant increases in surface soil C (690 g C m-2) compared to the 
woody biomass C increment of 500 g C m-2. They ascribed the in-
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creased C storage at or near the soil surface to reduced decomposi-
tion of litter, as revealed by reductions in soil respiration (Burton 
et al. 2004) and lignolytic enzyme activities (DeForest et al. 2004). 
In a laboratory incubation experiment using forest floor (Oa) 
samples with different C/N ratios, Michel and Matzner (2002) also 
showed decreasing soil respiration with decreasing C/N ratios and 
suggested that chronic N deposition can increase C accumulation in 
forest floors through reduction in decomposition rates in later stages 
of litter decomposition. Forest floor C accumulation from reduced 
decomposition rates has significant implications for global C cy-
cling in that suppressed humus decay can induce a negative feed-
back to the rising atmospheric CO2 concentration due to lowered 
CO2 emissions from soils, although N incorporated in more slowly 
decaying organic matter with lower C/N ratios might make a 
relatively small, direct contribution to forest C sequestration. 

SUMMARY AND FUTURE RESEARCH NEEDS

Chronic atmospheric N deposition was originally hypothesized to 
lead to N saturation of forest ecosystems along successional stages. 
Forest N saturation has been associated with long-term alleviation 
of N limitation on biological function and a subsequent decrease in 
N retention capacity of forests. Over the last couple of decades, 
however, numerous studies have shown surprisingly high rates of N 
retention, particularly in the forest floor. N retention in the forest 
floor has been explained by the competitive balance between tree 
roots, soil heterotrophs, and nitrifiers, which is in turn determined 
by the relative availability of C to N resources. To elucidate high 
rates of N retention in N-enriched, C-limited forest soils, abiotic N 
immobilization and mycorrhizal assimilation have been proposed as 
the alternative hypotheses. The fate of N in the forest floor has 
significant implications for forest C sequestration along three diffe-
rent pathways: N-induced increases in tree C accumulation, C loss 
amounting to or surpassing C gain in N-saturated, declining forests, 
and no change or C gain in N-accumulating soils via abiotic reten-
tion or hampered organic matter decomposition. At forests across 
mid-to high-latitude regions, forest floor N retention under ambient- 
level N deposition could be explained by three different pathways 
either in isolation or in combination, depending on the initial forest 
N status and transitional phases from N limitation to saturation.

Many questions remain to be answered with regard to N reten-
tion mechanisms in the forest floor under chronic N deposition. 
First, are heterotrophic microorganisms in N-enriched forest soils 
primarily limited by available C? Second, can mycorrhizal fungi 
play an important role in the assimilation of excess N in C-limited 
soils? If so, how can we explain decreased activity of mycorrhizal 
fungi in N-enriched forest soils as observed in many N addition 

experiments? Third, how can we quantify the relative importance of 
abiotic retention vs. mycorrhizal assimilation in retaining excess N 
in response to years of N fertilization or chronic N deposition. To 
better understand the relationship between the fate of N in the forest 
floor and C sequestration either in tree biomass or soils, more re-
search effort should be paid to ‘realistic’ long-term monitoring stu-
dies focusing on C sequestration responses to a wide range of am-
bient-level atmospheric N deposition. To determine when N-induced 
tree C storage shifts to ‘C-N decoupling’ with two different conse-
quences for C sequestration, alterations of forest floor C-N interac-
tions and their linkages with C sequestration need to be more tho-
roughly compared in different types of forests across a range of 
levels of N deposition and soil N status.
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