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' Over the past 100 years, human activity has greatly changed the rate of atmospheric N (nitrogen)

deposition in terrestrial ecosystems, resulting in N saturation in some regions of the world. The
contribution of N saturation to the global carbon budget remains uncertain due to the complicated
nature of C-N (carbon-nitrogen) interactions and diverse geography. Although N deposition is included
in most terrestrial ecosystem models, the effect of N saturation is frequently overlooked. In this
study, the IBIS (Integrated Blosphere Simulator) was used to simulate the global-scale effects of N
saturation during the period 1961-2009. The results of this model indicate that N saturation reduced
global NPP (Net Primary Productivity) and NEP (Net Ecosystem Productivity) by 0.26 and 0.03 Pg C
yr~1, respectively. The negative effects of N saturation on carbon sequestration occurred primarily in
temperate forests and grasslands. In response to elevated CO, levels, global N turnover slowed due to
increased biomass growth, resulting in a decline in soil mineral N. These changes in N cycling reduced
the impact of N saturation on the global carbon budget. However, elevated N deposition in certain
regions may further alter N saturation and C-N coupling.

Reactive N (nitrogen) in soil is the primary nutrient source for vegetation growth! and exerts a profound influ-
ence on the ecosystem’s C (carbon) cycle®. Researchers have found that N limitations affect the NPP (Net Primary
Productivity) of ecosystems around the globe**. Together, elevated CO, levels and climate change have exacer-
bated this limitation>. Even in N-rich tropical forests, N availability is a key regulator of C balance’. Based on
modelling studies, global N limitation reduced C accumulation on land from 19 to 162 Pg C (Pg=10"g) between
the pre-industrial period and the early 21% century*®.

However, the global pattern of N limitation might be altered by N deposition'®!!. With enhanced human
activity (e.g., fossil fuel combustion and N fertilization), N deposition has increased from less than 1 Tg N yr™!
(Tg=10'?g) in the 18605 to 25 Tg N yr ! in 2000'*!* and will likely double over the next 25 years'*. When N
input to the ecosystem exceeds the demands of plants and microbial organisms, N saturation occurs, resulting in
a series of changes in several processes, such as N mineralization, nitrification, nitrate leaching and C sequestra-
tion'®. Experiments in Europe and North America have shown that if N deposition is 2.5-3.0gm 2 yr !, N sat-
uration will occur!®'. In southern China, researchers have found that high levels of N deposition (3.6-3.8 gm ™

 yr!) led to N saturation in subtropical mature forests'®. N saturation has been associated with anthropogenic
. N deposition'*?. In southern China, N deposition increased from 2.6 to 6.5gN m~? yr~! along an urban-rural
© transect, resulting in N saturation in urban and suburban forests?..

The effects of N saturation on ecosystems are complex. Researchers have found that in N-saturated ecosystems,
N addition does not increase foliar N*? which results in the reduction of plant photosynthesis'®?. In addition, N
saturation can decrease C allocation to both leaves and wood?, restrict soil respiration?>*, reduce microbial bio-
mass” and increase N leaching?®. However, some studies found that N addition continued to result in increased
C allocation to aboveground biomass despite saturated soil N?°, Furthermore, increasing of N leaching is the first,
not last, variable to respond to N addition which is different from the statement in N saturation hypotheses®’. The
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Figure 1. Global N-saturation regions. (a) shows distribution of N-saturation regions; (b) shows the average
N deposition of the main N saturated regions in different time periods. The maps were generated using ArcGIS
10.0 software (https://www.arcgis.com/) and SigmaPlot version 12.0, from Systat Software, Inc., San Jose
California USA (https://www.systatsoftware.com).

complexity of these N saturation effects may be due to the spatial and temporal limitations of different research
approaches (e.g., long-term observational, gradient, and experimental studies)*.

Ecosystem models are suitable for assessing the effects of N addition on ecosystems on large spatial and long
temporal scales. Many existing C-N (carbon-nitrogen) coupled models have been used to evaluate global C budg-
ets*31-34 Modelling has revealed that increased N deposition facilitated the absorption of an additional 0.3-1.3
Pg C yr~! by terrestrial ecosystems in the 1990 s under elevated CO, levels®. In the future, elevated N deposition
will likely promote the uptake of an extra 0.81 Pg C yr~! by forests'!. However, the process of N saturation has not
been considered in large-scale modelling studies.

Based on the available N saturation literature, we modified a process-based terrestrial ecosystem model —
IBIS (the Integrated Blosphere Simulator) - to test the influence of N saturation on ecosystem photosynthesis, C
allocation and litter decomposition. Historical N deposition and climate change data were used to drive model
simulations. Model experiments were performed to examine the responses of ecosystems to enhanced N dep-
osition and to evaluate the negative effects of N saturation on global C budgets under elevated CO, conditions.

Results

The global pattern of N saturation. In our study, N deposition in excess of the N critical load is consid-
ered N saturation. The details of model modification, parameterization and determination of the spatial distribu-
tion of N critical are introduced in Methods. The spatial distribution of current N saturation is shown in Fig. 1a.
Regions of N saturation are mainly located in the US, Europe, India and China, whereas other areas exhibit
varying degrees of N deficits. The vegetation in saturated regions is mainly grasslands and temperate forests.
N-saturated grasslands are located mainly in India and China, with small regions scattered throughout Europe.
N-saturated forests are located in the eastern US and in Europe. N deposition in the saturation regions is high due
to fossil fuel combustion and agricultural fertilization®.

The multi-year average N deposition for different vegetation types in saturated regions is shown in Fig. 1b. N
deposition always exceeded the critical load in US temperate forests, whereas in European forests, N deposition
decreased between 1970 and 2009, and current N deposition only marginally exceeds the N critical load. More
temperate forests in Europe were located in N-saturated regions in the 1980, when N deposition was at its high-
est value of the past 40 years. In China and India, due to intensified human activity, rapid increases in N deposi-
tion resulted in N-saturated grasslands. In the 2000, N deposition far exceeded the N critical loads, indicating
that the ecosystem was significantly affected by N saturation in N-saturated grassland in China and India.

Effects of N deposition on the global C budget. Several different simulation scenarios were used to
evaluate the effects of N deposition on global C budgets. The details of these simulation scenarios are listed in
Table 1. The historical changes of global average NPP and NEP (Net Ecosystem Productivity) were simulated by
the NCC (Nitrogen CO, Climate) scenario, and the results are shown in Figure S5. The average NPP was 51.3
Pg Cyr ! in the 1970s and 55.9 Pg C yr~! in the 2000, whereas the average NEP was 2.2 Pg C yr ' in the 1970
and 2.8 Pg C yr~! in the 2000s. Due to climate change, increasing CO,, and elevated N deposition, NPP and NEP
increased by 9.0% and 27.2%, respectively, over the past 40 years (Figure S5).

The effects of N deposition on global C budgets were evaluated by comparing the NNC (No N deposition
Change) and NCC scenarios. The results show that N deposition had positive effects on the global C budget over
the past few decades. Increased N deposition increased the NPP by 0.23 Pg C yr~! on average (Fig. 2a), which
accounts for approximately 0.44% of the global average NPP (Fig. 2b). N deposition promoted an increase in NEP
by 0.09 Pg C yr~! on average (Fig. 2c), which corresponds to 4.2% of the global average NEP (Fig. 2d).

Over the past 40 years, the total N deposition increased by 53% (Fig. 2e and f), although it did not result in
significant increases in global NPP and NEP. The maximum effects of N deposition were observed in the 2000,
with NPP increasing by 0.8% and NEP increasing by 6.0%. In general, global C assimilation is limited by N avail-
ability. However, increased N addition into ecosystems did not result in a significant increase in C assimilation.
The imbalanced spatial distribution of N deposition may be the main reason underlying the contrast between
terrestrial ecosystem C assimilation and rapidly increasing N deposition.

SCIENTIFICREPORTS | 6:39173 | DOI: 10.1038/srep39173 2


http://
http://

www.nature.com/scientificreports/

1 NCC Nitrogen CO, Climate Change Change Change Change
2 NNC No Nitrogen Change Change Change Change 1970

3 CNC CO, No Change Change Change 1970 Change
4 TNC Temperate No Change 1970 Change Change Change
5 PNC Precipitation No Change Change 1970 Change Change
6 NNS No N Saturation effect Change Change Change Change

Table 1. Design of the simulation experiments. ‘Modifier factors in the biogeochemical model are set to 1
when N saturation occurs.
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Figure 2. The differences in C budget between simulation scenarios NCC and NNC. (a) and (b) show NPP
difference and change percentage; (c) and (d) show NEP difference and change percentage; (e) and (f) show N
deposition difference and change percentage.

The distribution of N deposition is uneven across ecosystems. In this study, we used ecosystem biomes to
examine the change in N deposition in different ecosystems. The ecosystem biomes were defined by Roy et al.¥,
and the global pattern of this dataset was shown by Beer et al.*®. In this dataset, the cropland area was taken from
the MODIS (MODerate resolution Imaging Spectroradiometer) land cover map®. As a single biome, croplands
accounted for the largest fraction of the global total N deposition (28.7%) in the 2000s. During the same period,
the forest biomes together accounted for approximately 38.4% of the global total N deposition; tropical, temper-
ate, and boreal forests accounted for 18.0%, 14.9% and 5.5%, respectively (Table S4). The increase in the rate of
N deposition was significantly different among biomes (Table S4), as was the change in N deposition. N depo-
sition increased rapidly in tropical forest, accounting for approximately 25.9% of the increase in the global total
N deposition. Temperate forest biomes also increased markedly, accounting for 11.3% of the increase in global
total N deposition. However, N deposition in the boreal forest biome accounted for only 0.7% of the global total
increase. Compared with some forest biomes, some non-forest biomes, including cropland, grassland, shrubland
and savanna, had more pronounced amounts and rates of increase in N deposition (Table S4).
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Figure 3. The impact of N saturation on the global C budget (NNS-NCC). (a) and (b) show the N-saturation
effects on NPP and NEP in N-saturated regions. (c) and (d) show the N-saturation effects of the vegetation

types.

The spatial distribution and increasing rate limit the fertilization effect of N deposition on the global C budget.
Forest biomes are important for the global C budget, although the spatial disparity between the required N (for
forest C assimilation and absorption) and increasing N deposition led to less significant increases in NPP and
NEP. Increased N deposition in non-forest biomes did not contribute greatly to the global C budget.

Influence of N saturation on the global C budget. To evaluate the impact of N saturation on the
global C budget, we designed a comparison experiment between the simulation scenarios NNS (No Nitrogen
Saturation) and NCC scenarios. In the NNS scenario, the effects of N saturation were removed by modifying the
equations for three C-N coupling modifiers, Ky, K; and Ky, which were set to 1.0 when N deposition exceeded the
N critical load. The results of a comparison between the NNS and NCC scenarios are shown in Fig. 3. N saturation
caused the terrestrial ecosystem NPP and NEP to decline. N saturation resulted in an NPP decrease of 0.26 Pg C
yr~' and an NEP decrease of 0.03 Pg C yr™!, accounting for 0.5% and 1.3% of the annual average global total NPP
and NEP, respectively, between 1970 and 2009.

The negative effects of N saturation on the global C budget can be primarily attributed to temperate forests and
grasslands. In temperate forests, NPP and NEP were reduced by 0.04 Pg C yr~! and 0.005 Pg C yr~!, respectively.
In grasslands, the NPP and NEP decreased by 0.2 Pg C yr~! and 0.025 Pg C yr™!, respectively. Along with rapid
increases in N deposition, the harm caused by N saturation was substantial in grasslands, which led to substantial
decreases in NPP and NEP. These two vegetation types responded primarily to the change in N saturation over
the past 40 years.

Sensitivity of the C budget to changes in N deposition. N deposition and N saturation have
well-defined impacts on the global C budget. To compare the influence of N deposition to other global change
factors (e.g., CO,, temperature and precipitation), five comparison simulations (i.e., the NCC, CNC (CO, No
Change), NNC, TNC (Temperate No Change) and PNC (Precipitation No Change) scenarios were performed
using different driving factor settings, details are listed in Table 1. A summary of the relative contributions of the
different driving factors is provided in Fig. 4.

Our results indicate that elevated CO, promoted NPP and NEP. With increasing CO, levels, NPP and NEP
increased by 2.7 Pg C yr~! (5.4% of the global total) and 1.4 Pg C yr™! (51.0% of the global total), respectively.
Rising atmospheric CO, accelerates the photosynthetic rate by increasing intercellular CO, and decreasing sto-
matal conductance, with significant effects on the global C budget*. Increases in the global temperature promote
NPP but inhibit NEP, and changes in precipitation promote both NPP and NEP. However, due to their large
standard deviations, the effects of temperature and precipitation on the global C budget are highly uncertain®!.

Compared with the effects of temperature, precipitation and CO,, the contributions of N deposition to NPP
and NEP were less significant. This does not mean that N deposition is not sensitive to the global C budget; N sat-
uration weakens the contribution of N deposition. Without considering N saturation, the impact of N deposition
on NPP was markedly greater than the impact of temperature or precipitation, and the impact of N deposition
on NEP was nearly equivalent to the impact of temperature and precipitation. N saturation, in addition to the
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Figure 4. The contributions of changes in temperature, precipitation, N deposition and CO, to the global C
budget under global change. (a) shows the contributions of driving factors to NPP; (b) shows the contributions
of driving factors to NEP. (Temp is temperature, Prec is precipitation, N dep is N deposition). The dashed boxes
in (a) and (b) indicate the contributions of N deposition to NPP and NEP, respectively, when N saturation
effects are not considered.

heterogeneous spatial distribution of N deposition, is the most important factor limiting the positive effects of N
deposition on the global C budget.

Discussion

Ecosystem N saturation is a complex process characterized by soil mineralization and nitrification processes,
nitrate leaching from water, the C:N ratio of vegetation, and other factors. In this study, the N critical load was
used to determine ecosystem N saturation. The concept of the N critical load was used to establish the N input
level that an ecosystem can tolerate without significant harmful effects*2, which can be calculated using empir-
ical methods or by soil process models. Compared with the methods used for site observations (i.e., N leaching
or isotopic indicators), N critical loads reflect the effects of N deposition on the ecosystem at a regional scale.
Furthermore, the N critical load has been used by many researchers for different vegetation types around the
world, particularly in regions enhanced by N deposition. Therefore, it is reasonable to use the N critical load as
an indicator of N saturation.

The N saturation regions identified in our simulations have also been identified in previous studies of regional
N saturation. N-saturated regions were typically characterized by dense population and industry. N saturation
was most prevalent in temperate regions with strong anthropogenic N emissions. Consistent with the simulation
results of the present study, N-saturation regions in U.S. and European forests have been reported in previous
studies. More than 25% of European forests are N-saturated®. In the northeastern US, results from several obser-
vation sites have shown that N saturation is a frequently occurring phenomenon??. In some East Asian forest
regions, N deposition was higher than in Europe and the US, although N saturation did not occur. Some research-
ers believe that despite the high levels of N deposition in these forest regions, the ecosystem remains N-deficient
due to the short history of elevated N deposition®’.

N deposition is important to the effects of elevated CO, on C budgets as it supplies more available N in the soil.
In almost all biomes, soil mineral N declined under elevated CO, (Fig. 5a). More rapid decreases in soil mineral N
were found in boreal forest, grassland and shrubland biomes where N deposition is lower. Smaller decreases were
observed in regions that are strongly affected by the increase in N deposition, such as temperate and tropical forest.
If N deposition had not increased over the past few decades, soil mineral N would have declined more rapidly in
temperate and tropical forests. The increased N deposition meets the increasing N demand of CO, fertilization.
Simultaneous increases in atmospheric CO, and N deposition are significant for global C cycling because they
promote increased C assimilation and absorption. However, the current effects of N saturation and the spatial
distribution of N deposition have limited the contribution of N deposition to the global C budget.

N saturation was also affected by increasing atmospheric CO, concentration. Elevated CO, affected not
only global C cycles but also global N turnover. As shown in Fig. 5b, simulated soil mineral N declined, even
in N-saturated regions. This decline can be mainly attributed to elevated CO,, which increases plant N demand
and decreases N turnover. According to our simulations, the effect of CO, on N turnover is larger than the effect
of N deposition, although N deposition has a strong effect on N turnover in N-saturation regions (Table 2). In
some CO,-enrichment experiments and field observation studies, elevated CO, increased N uptake in the ecosys-
tem*~*. From a global perspective, over the past few decades, the rising atmospheric CO, concentration has been
the main factor driving increasing global C sequestration. In such a process, increased soil mineral N is absorbed
into vegetation biomass, and N retention in soils declines at elevated CO, levels. Although ecosystems have sev-
eral mechanisms to compensate for N deficiency, such as strengthening N fixation and enhancing decomposition,
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Figure 5. The change of Ny (soil mineral N) in biomes and N-saturation regions. (a) shows the average
change of Ny, from 1960 to 2009 in biomes and N-saturation regions; (b) shows the average change of Ny, from
2000 to 2009 in N-saturation regions.

Tropical forest 35 0.4 0.8 0.3

Temperate forest 1.4 0.3 0.2 0.01 0.6 0.17
Boreal forest 1.0 0.2 0.1 0.01

Grassland 1.0 0.1 0.01 0.01 0.2 0.05

Table 2. CO,and N-deposition effects on N turnover (N in biomass is g N yr—; N uptake is g N m=2yr~!).

soil mineral N may still decline, as reported in FACE (Free-Air CO, Enrichment) experiments***’. Therefore,

along with the soil mineral N decline resulting from elevated CO,, the ecosystem N saturation was changed.

In the future, the negative effects of N saturation on the global C balance will continue to be complex.
Trade-offs between the effects of rising N deposition and elevated CO, fertilization will determine the fate of soil
mineral N. Rapidly increasing CO, levels increase the severity of the effects of N limitation; some regions of N
saturation will become more sensitive to N limitation. However, if N deposition increases rapidly, the distribution
of N saturation will be extended, and the negative effects of N saturation will be enhanced.

Our research has some limitations. A major limitation of this study involves the determination of the soil
mineral N level when N saturation occurred. We used the N critical load to represent the soil mineral N when
N saturation occurs in the IBIS model. However, due to the limited number of observational and experimental
studies, a complete global distribution of N critical loads could not be determined. Using the average N critical
loads for different vegetation types to determine N saturation contributes uncertainty to the estimation result. The
Markov chain Monte Carlo method is a powerful way to determine model parameters and could also contribute
uncertainty to the estimation. With the increasing availability of N-saturation observation data, the Markov chain
Monte Carlo method could be used to estimate the magnitude of the model uncertainty in the future.

Methods

IBIS model description. The original IBIS model*®* tracks soil N along with SOC (Soil Organic Carbon),
although there are no soil N controls based on vegetation productivity. Liu et al.>® incorporated a largely complete
N cycle module into the IBIS model, which focuses on new N feedback controls for both aboveground C assim-
ilation and belowground SOC decomposition while imposing a balanced N budget requirement. Several new
control factors were introduced into the IBIS model to control the C-N cycling process, such as K, K; and K,
which are modifiers of plant biomass construction, soil N immobilization and soil organic matter mineralization,
respectively. More details about the N cycle module are provided in Supplemental Information SI.1.

Modification of the IBIS model. The modification to IBIS put forth by Liu et al.* focused on the response
of an ecosystem to increased soil N, and it did not account for the effect of excessive soil N. The three important
N cycle control modifiers Kp, K; and K were utilized by Liu et al.*>. When N (soil mineral N) exceeds 2gm~2,
Kp, K and Ky, are fixed at 1 (Fig. 6a), indicating that the ecosystem contains sufficient N to support plant growth
and will not respond to additional N input. The work of Liu et al.*® focused on Canadian boreal forests, where the
soil N deficit limits forest growth. However, on a global scale, N saturation caused by human fertilization and N
deposition is significant and should not be ignored. To simulate ecosystem responses to N saturation, we further
modified IBIS based on recent findings to include three aspects of the N saturation effect on the C budget: C
assimilation, C allocation and SOC decomposition.
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Figure 6. The conceptual N-control modifiers in IBIS. (a) modifiers used in IBIS by Liu et al.*%; (b) modifiers
used in IBIS in this study. Ny, is the maximum N available in the soil, Ny is the soil mineral N when N
saturation occurs, and Ny is the soil mineral N.

Many studies have focused on the positive effects of N addition on C assimilation in N-limited ecosystems>*.
Only a few studies have focused on the effect of N saturation on C assimilation in long-term N fertilization exper-
iments. The results of the N saturation experiments conducted by Magill et al.? indicated that following 15 years
of N addition, the forest NPP markedly declined. However, this decline varied among forest species. Long-term N
addition resulted in a 37% decline in the NPP of Korean pine forest, whereas in hardwood forest, the NPP decline
was 6% following partial treatments. Mo ef al.'® found that the most extreme N treatment caused a 10% decrease
in the NPP in tropical forests in southern China. Based on these studies, we parameterized the maximum N sat-
uration effect such that the NPP decreased by an average of 17.6%.

Previous studies have indicated that N saturation typically leads to an increase in C allocation to aboveground
biomass and a decrease in C allocation to belowground biomass!'®*>*2, Litton et al.> reviewed forest C allocation
studies worldwide and found that when challenged with excessive N input, C allocation to roots decreases by 35%
on average, whereas C allocation to leaves and wood increases by 10% and 25%, respectively.

In N-limited ecosystems where N deposition ranges from 0.5 to 1.0gm 2 yr~!, additional N input promotes
the decomposition of SOC**. However, in N-saturated ecosystems, greater N input has negative effects on SOC
decomposition. Janssens ef al.?> used meta-analysis methods to review the responses of SOC decomposition to
rich N fertilization in 36 experiments conducted in forest ecosystems.

They found that SOC decomposition declined by 15% on average due to N saturation.

To incorporate the effect of N saturation on C assimilation, C allocation and SOC decomposition, we modi-
fied the Ky, K, and Ky, factors in IBIS as Fig. 6b shows. The new equations used to calculate Kp, K}, and K are as

follows:
1.0 — min(0.15, (Ny — Nys)’/10Nys) (N > Nygmay)
Ky =11.0 (0-5Nyimax < Nt < Nyvimax)
1.0 + (0.5Nys — Ny)?/Nygs (Ny < 0.5Nyma0) (1)
1.0 + min(0.2, (0.5(Ny; — Nye))*/10Nys) (Ny > Nygar)
K; =10.8 4 0.2Ny/Nys (0.5Nyimax < Nut < Nytmax)
0.8 4 0.2Ny/Nyss (Ny < 0.5Nymae) )
1.0 — min(0.35, (max(0, (Ny; — 3.5)/(Nymax — 270" (Ny > Nytmax)
K, = 1(max(0, (Ny — 0.2)/(Nyg — 0.2)))™° (0.5Nyimax < Nyt < Nytmax)

(max(0, (Ny; — 0.2)/(Nys — 0.2)))° (Nyt < 0.5Nyfmay) (3)

where Ny, is the maximum N available in the soil, Ny is the soil mineral N when N saturation occurs, and Ny,
is the soil mineral N.

Ny is the key parameter in equations (1), (2) and (3) and is related to the occurrence of N saturation. Many
previous studies have used the N critical load to associate N deposition and ecosystem damage. Empirical N criti-
cal loads for the US, Europe and China can be found in the literature®-%". In this study, we used N critical loads to
determine Ny in the IBIS model. These results and classified N critical loads according to the putative vegetation
types modelled in IBIS are shown in Table 3. The empirical N critical loads in other parts of the world were taken
as the average value of the US, China and Europe.

In this study, empirical N critical loads were considered the maximum N deposition level resulting in no harm
to the ecosystem. If N deposition exceeds this value, N saturation will occur. When N deposition reaches the N
critical load, the soil mineral N content becomes important for calculating the N cycle parameters, including Kp,
K, and K. Thus, we set the N deposition level equal to the empirical N critical loads in the ecosystems detailed in
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Empirical critical loads of N (§ N m—2yr~?)
Vegetation type USA China Europe Other
1 Tropical evergreen forest 0.9% 5.6 — 3.25
2 Tropical deciduous forest 0.9* 5.6 — 3.25
P et 09 225 15 155
4 Temperate evergreen 0.9 225 15 155
conifer forest

5 | Temperate deciduous forest 0.9 2.25 1.5 1.55
6 Boreal evergreen forest 0.57 1.25 1.25 1.02
7 Boreal deciduous forest 0.57 1.25 1.25 1.02
8 Mixed forest 0.8** 2.9%* 1.4%* 1.7
9 Savanna — 5 — 5
10 Grassland — 1.25 1.45 1.35
11 Dense shrubland 0.47 0.92 — 0.69
12 Open shrubland 0.47 0.92 — 0.69
13 Tundra 0.20 0.75 0.4 0.45
14 Desert 0 1 0 1
15 Polar desert/rock/ice 0 1 0 1

Reference Pardo et al.*® Liu et al.”” ];?el;zﬁrl:gahnsg o

Table 3. N critical loads in vegetation types. “Since empirical data on nitrogen critical load (CL) were lacking
for tropical forests in the US, we used the CL values of temperate forests in the US as the CL values of tropical
forests. ""The CL value of mixed forest is the average CL value of different forests types in the US Europe and
China. ""The CL values in other parts of the world are average values of the US, China and Europe.

Table 3; then, we set the key parameters (K, K; and Ky;) of the N cycles to 1. This means that there is no positive
or negative effect of N control on the soil mineral N content when the N input reaches the maximum ecosystem
demand. Thus, the soil mineral N critical load under N deposition is taken to be Ny in the IBIS model.

Driving data and model experiments. IBIS climate inputs include historical monthly precipitation and
temperature data as well as the monthly average cloud fraction, wind speed, number of wet days per month, and
relative humidity. All of these data were extracted from CRU (Climate Research Unit). The surface condition data
consist of the vegetation cover fraction, initial biomass C, initial soil C, soil texture, and topography. Vegetation
cover fractions were calculated based on the 300 m resolution GLOBCOVER 2009 map (http://www.esa.int/due/
ionia/globcover). Initial biomass was derived based on Olson’s World Ecosystem database®, and soil C was derived
from the Global Organic Soil Carbon and Nitrogen datasets®. The global atmospheric CO, concentration was
derived from ESRL (Earth System Research Laboratory) measurements obtained at NOAA (National Oceanic and
Atmospheric Administration) and were used as the global average CO, level (GLOBALVIEW-CO,, 2011).

Monthly N deposition data collected between 1970 and 2009 were estimated based on the NO, column den-
sity associated with the output of the atmosphere chemistry transfer model MOZART (Model for Ozone and
Related Chemical Tracers) using a previously reported method®.

Our simulation was divided into 3 stages. The first was the pre-heat stage from 1851 to 1900, where the aver-
age monthly climate data were used to drive the model to C equilibrium. N deposition at this stage was set to a
baseline value of 0.05gm~2 yr~". The second stage was from 1901 to 1969. Actual monthly climate data were used
to drive the model. The N deposition rate of 1970 was used at this stage. The third stage was from 1970 to 2009.
In this stage, both the actual monthly climate data and monthly N deposition data were used to drive the model
to simulate the global C budget.

To evaluate the effects of N deposition and other factors on global C budgets, six different simulations were
used. The details are listed in Table 1. In the NCC scenario, all of the driving factors were dynamic; in the other
five scenarios, one of the driving factors was held constant to determine the effect of each driving factor on C
cycling. The NNS scenario is used to evaluate the N saturation effects on global C budgets. In this scenario, Kp, K;
and K) were set to 1 in N-saturated regions when N deposition exceeded the Nys.

Model validation. Model outputs were validated against published literature and datasets®*3861:%2, Literature
results and MODIS products were used to validate IBIS GPP (Gross Primary Productivity), NPP, and NEP.
Our simulated GPP (122.3 £+ 3.3 Pg C yr™!) is similar to the multiple-year average GPP of MTE (Model Tree
Ensembles) (119 £ 6 Pg C yr™!) during the period 1980-2009, and the distribution of biases between the IBIS
GPP and MTE GPP is reasonable (details shown in Supplemental Information SI.2.1). Based on a literature
review, our simulated NPP is consistent with previous findings. From 1990 to 2009, the IBIS-simulated multi-year
average NPP was 53.8 Pg C yr/; this value is similar to the values of other models that consider C-N coupling
and lower than those that include only a C cycling module. Our addition of the N saturation module in IBIS
improves the simulated NPP, making it similar to the MODIS NPP (details in Supplemental Information SI.2.2).
A global multi-year average NEP was generated via different methods to validate our simulated NEP (Table S3).
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The validation results show that the simulated NEP falls within the range of previous studies. The response of the
ANPP (aboveground NPP) to N addition was examined based on datasets collected from N-addition experiments
in grasslands and forests (Supplemental Information SI.2.4). Our simulated ANPP increased by 18 4= 13%, which
is similar to the observation results (23 4= 9%). Thus, the sensitivity of N control to the global C budget in the IBIS
model is reasonable.

References

1.

10.
. Reay, D. S., Dentener, E, Smith, P, Grace, J. & Feely, R. A. Global nitrogen deposition and carbon sinks. Nat. Geosci. 1, 430-437

12.
13.

14.

15.

24.

25.
26.

27.
28.

29.
30.
31.
32.
33.
34.

35.

Townsend, A. R., Braswell, B. H., Holland, E. A. & Penner, J. E. Spatial and temporal patterns in terrestrial carbon storage due to
deposition of fossil fuel nitrogen. Ecol. Appl. 6, 806-814 (1996).

. Vitousek, P. M. & Howarth, R. W. Nitrogen limitation on land and in the sea: How can it occur? Biogeochemistry 13, 87-115 (1991).
. LeBauer, D. S. & Treseder, K. K. Nitrogen limitation of net primary productivity in terrestrial ecosystems is globally distributed.

Ecology 89, 371-379 (2008).

. Zhang, Q., Wang, Y. P, Pitman, A. J. & Dai, Y. J. Limitations of nitrogen and phosphorous on the terrestrial carbon uptake in the 20th

century. Geophys. Res. Lett. 38 (2011).

. Luo, Y. et al. Progressive nitrogen limitation of ecosystem responses to rising atmospheric carbon dioxide. BioScience 54, 731-739

(2004).

. Norby, R. J., Warren, J. M., Iversen, C. M., Medlyn, B. E. & McMurtrie, R. E. CO, enhancement of forest productivity constrained by

limited nitrogen availability. Proc. Natl. Acad. Sci. USA 107, 19368-19373 (2010).

. Fernandez-Martinez, M. et al. Nutrient availability as the key regulator of global forest carbon balance. Nat. Clim. Change 4, 471-476

(2014).

. Thornton, P. E., Lamarque, J. E, Rosenbloom, N. A. & Mahowald, N. M. Influence of carbon-nitrogen cycle coupling on land model

response to CO, fertilization and climate variability. Global Biogeochem. Cycles 21 (2007).

. Zaehle, S. et al. Carbon and nitrogen cycle dynamics in the O-CN land surface model: 2. Role of the nitrogen cycle in the historical

terrestrial carbon balance. Global Biogeochem. Cycles 24, 1-14 (2010).
Law, B. Biogeochemistry: nitrogen deposition and forest carbon. Nature 496, 307-308 (2013).

(2008).

Galloway, J. N. & Cowling, E. B. Reactive nitrogen and the world: 200 years of change. Ambio 31, 64-71 (2002).

Hungate, B. A., Dukes, J. S., Shaw, M. R, Luo, Y. & Field, C. B. Atmospheric science. Nitrogen and climate change. Science 302,
1512-1513 (2003).

Moore, C. M. et al. Large-scale distribution of Atlantic nitrogen fixation controlled by iron availability. Nat. Geosci. 2, 867-871
(2009).

Aber, J. D., Nadelhoffer, K. J., Steudler, P. & Melillo, J. M. Nitrogen saturation in northern forest ecosystems. BioScience 39, 378-386
(1989).

. Aber, ]. D. et al. Nitrogen saturation in Temperate Forest ecosystems. BioScience 48, 921-934 (1998).
. MacDonald, J. A. et al. Nitrogen input together with ecosystem nitrogen enrichment predict nitrate leaching from European forests.

Glob. Change Biol. 8,1028-1033 (2002).

. Mo, J., Li, D. & Gundersen, P. Seedling growth response of two tropical tree species to nitrogen deposition in southern China. Eur. J.

Forest Res. 127, 275-283 (2008).

. De Schrijver, A. et al. Nitrogen saturation and net ecosystem production. Nature 451, E1; discussion E3-E1; discussion E4 (2008).
. Emmett, B. A. Nitrogen saturation of terrestrial ecosystems: some recent findings and their implications for our conceptual

framework. Water Air Soil Poll. 7, 99-109 (2007).

. Fang, Y. et al. Nitrogen deposition and forest nitrogen cycling along an urban-rural transect in southern China. Glob. Change Biol.

17, 872-885 (2011).

. Aber, ]. D. et al. Is nitrogen deposition altering the nitrogen status of Northeastern Forests? BioScience 53, 375 (2003).
. Magill, A. H. et al. Ecosystem response to 15 years of chronic nitrogen additions at the Harvard Forest LTER, Massachusetts, USA.

Forest Ecol. Manag. 196, 7-28 (2004).

Hyvonen, R. et al. The likely impact of elevated CO,, nitrogen deposition, increased temperature and management on carbon
sequestration in temperate and boreal forest ecosystems: a literature review. New Phytol. 173, 463-480 (2007).

Janssens, I. A. et al. Reduction of forest soil respiration in response to nitrogen deposition. Nat. Geosci. 3, 315-322 (2010).

Liu, L. & Greaver, T. L. A global perspective on belowground carbon dynamics under nitrogen enrichment. Ecol. Lett. 13, 819-828
(2010).

Treseder, K. K. Nitrogen additions and microbial biomass: A meta-analysis of ecosystem studies. Ecol. Lett. 11, 1111-1120 (2008).
Brookshire, E. N. J., Gerber, S., Menge, D. N. L. & Hedin, L. O. Large losses of inorganic nitrogen from tropical rainforests suggest a
lack of nitrogen limitation. Ecol. Lett. 15, 9-16 (2012).

Nilsson, L.-O. & Wiklund, K. Indirect effects of N and S deposition on a Norway spruce ecosystem. An update of findings within the
Skogaby project. Water Air Soil Poll. 85, 1613-1622 (1995).

Lovett, G. M. & Goodale, C. L. A new conceptual model of nitrogen saturation based on experimental nitrogen addition to an Oak
Forest. Ecosystems 14, 615-631 (2011).

Gerber, S., Hedin, L. O., Oppenheimer, M., Pacala, S. W. & Shevliakova, E. Nitrogen cycling and feedbacks in a global dynamic land
model. Global Biogeochem. Cycles 24 (2010).

Sokolov, A. P. et al. Consequences of considering carbon-nitrogen interactions on the feedbacks between climate and the terrestrial
carbon cycle. J. Climate 21, 3776-3796 (2008).

Thomas, R. Q., Zaehle, S., Templer, P. H. & Goodale, C. L. Global patterns of nitrogen limitation: confronting two global
biogeochemical models with observations. Glob. Change Biol. 19, 2986-2998 (2013).

Wang, Y. P. & Houlton, B. Z. Nitrogen constraints on terrestrial carbon uptake: implications for the global carbon-climate feedback.
Geophys. Res. Lett. 36 (2009).

Holland, E. A. et al. Variations in the predicted spatial distribution of atmospheric nitrogen deposition and their impact on carbon
uptake by terrestrial ecosystems. J. Geophys. Res. Atmos. 102, 15849-15866 (1997).

. Fowler, D. et al. The global nitrogen cycle in the twenty-first century. Philos. Trans. R. Soc. Lond., B, Biol. Sci. 368, 91-97 (2013).

. Roy, J., Saugier, B., Mooney, H. A. & McNaughton, S. J. Terrestrial global productivity. Austral Ecol. 27, 584-585 (2002).

. Beer, C. et al. Terrestrial gross carbon dioxide uptake: global distribution and covariation with climate. Science 329, 834-838 (2010).
. Friedl, M. A. et al. Global land cover mapping from MODIS: algorithms and early results. Remote Sens. Environ. 83, 287-302 (2002).
. McGuire, A. D. et al. Carbon balance of the terrestrial biosphere in the twentieth century: analyses of CO,, climate and land use

effects with four process-based ecosystem models. Global Biogeochem. Cycles 15, 183-206 (2001).

. Luo, Y, Sims, D. A. & Griffin, K. L. Nonlinearity of photosynthetic responses to growth in rising atmospheric CO,: an experimental

and modelling study. Glob. Change Biol. 4, 173-183 (1998).

. Nordin, A., Strengbom, J., Witzell, J., Nasholm, T. & Ericson, L. Nitrogen deposition and the biodiversity of boreal forests:

implications for the nitrogen critical load. Am.Bio. 34, 20-24 (2005).

SCIENTIFICREPORTS |6:39173 | DOI: 10.1038/srep39173 9



www.nature.com/scientificreports/

43. Fang, Y., Koba, K., Yoh, M., Makabe, A. & Liu, X. Patterns of foliar 15N and their control in Eastern Asian forests. Ecol. Res. 28,
735-748 (2013).

44. Drake, J. E. et al. Increases in the flux of carbon belowground stimulate nitrogen uptake and sustain the long-term enhancement of
forest productivity under elevated CO,. Ecol. Lett. 14, 349-357 (2011).

45. Hofmockel, K. S. et al. Sources of increased N uptake in forest trees growing under elevated CO,: Results of a large-scale 15N study.
Glob. Change Biol. 17, 3338-3350 (2011).

46. Iversen, C. M., Keller, J. K., Garten, C. T. & Norby, R. J. Soil carbon and nitrogen cycling and storage throughout the soil profile in a
sweetgum plantation after 11 years of CO,-enrichment. Glob. Change Biol. 18, 1684-1697 (2012).

47. Garten, C. T, Iversen, C. M. & Norby, R. J. Litterfall 15N abundance indicates declining soil nitrogen availability in a free-air CO,
enrichment experiment. Ecology 92, 133-139 (2011).

48. Foley, J. A. et al. An integrated biosphere model of land surface processes, terrestrial carbon balance, and vegetation dynamics.
Global Biogeochem. Cycles 10, 603-628 (1996).

49. Kucharik, C.J. et al. Testing the performance of a dynamic global ecosystem model: water balance, carbon balance, and vegetation
structure. Global Biogeochem. Cycles 14, 795-825 (2000).

50. Liu, J., Price, D. T. & Chen, J. M. Nitrogen controls on ecosystem carbon sequestration: A model implementation and application to
Saskatchewan, Canada. Ecol. Model. 186, 178-195 (2005).

51. Elser, J. J. et al. Global analysis of nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial
ecosystems. Ecol. Lett. 10, 1135-1142 (2007).

52. Phillips, R. P. & Fahey, T. J. Fertilization effects on fineroot biomass, rhizosphere microbes and respiratory fluxes in hardwood forest
soils. New Phytol. 176, 655-664 (2007).

53. Litton, C. M., Raich, J. W. & Ryan, M. G. Carbon allocation in forest ecosystems. Glob. Change Biol. 13, 2089-2109 (2007).

54. Knorr, M,, Frey, S. D. & Curtis, P. S. Nitrogen additions and litter decomposition: A meta-analysis. Ecology 86, 3252-3257 (2005).

55. Pardo, L. H. et al. Effects of nitrogen deposition and empirical nitrogen critical loads for ecoregions of the United States. Ecol. Appl.
21, 3049-3082 (2011).

56. Bobbink, R. & Hettelingh, J. P. Review and revision of empirical critical loads and dose-response relationships In Proceedings of An
Expert Workshop, Noordwijkerhout, 23-25 June 2010. Rijksinstituut Voor Volksgezondheid en Milieu Rivm 6, 275-293 (2011).

57. Liu, X. et al. Nitrogen deposition and its ecological impact in China: an overview. Environ. Pollut. 159, 2251-2264 (2011).

58. Gibbs, H. K., Olsen, L. & Boden, T. Major world ecosystem complexes ranked by carbon in live vegetation: an updated database using
the GLC2000 land cover product (Oak Ridge National Laboratory, doi: 10.3334/CDIAC/lue.ndp017.2006, 2006).

59. Zinke, P. ], Stangenberger, A. G., Post, W. M., Emanuel, W. R. & Olson, . S. Global organic soil carbon and nitrogen (Oak Ridge
National Laboratory, doi: 10.3334/ORNLDAAC/221(1998), 2008).

60. Lu, X. et al. Estimated global nitrogen deposition using NO, column density. Int. J. Remote Sens. 34, 8893-8906 (2013).

61. Pan, Y. et al. A large and persistent carbon sink in the world’s forests. Science 333, 988-993 (2011).

62. Anav, A. et al. Spatiotemporal patterns of terrestrial gross primary production: a review. Rev. Geophys. 53, 785-818 (2015).

Acknowledgements

Financial support for the study was provided by the NSF China (41501212), the NSF China Major Program
(41171324), the Funds for Ph.D. Education (20110091110028), and the fundamental research project of MOST
(2005DKA32306).

Author Contributions

X.L. ran the model, analysed the data and wrote the manuscript. H.J. supervised the project and commented on
the contents of the manuscript. J.L. gave vital information for model modification and revised the manuscript.
X.Z.,].J., QZ., Z.Z. collected the datasets and conducted the data pre-processing. C.P. revised and edited the
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lu, X. ef al. Simulated effects of nitrogen saturation on the global carbon budget using
the IBIS model. Sci. Rep. 6, 39173; doi: 10.1038/srep39173 (2016).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2016

SCIENTIFICREPORTS | 6:39173 | DOI: 10.1038/srep39173 10


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Simulated effects of nitrogen saturation on the global carbon budget using the IBIS model

	Results

	The global pattern of N saturation. 
	Effects of N deposition on the global C budget. 
	Influence of N saturation on the global C budget. 
	Sensitivity of the C budget to changes in N deposition. 

	Discussion

	Methods

	IBIS model description. 
	Modification of the IBIS model. 
	Driving data and model experiments. 
	Model validation. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Global N-saturation regions.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ The differences in C budget between simulation scenarios NCC and NNC.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ The impact of N saturation on the global C budget (NNS-NCC).
	﻿Figure 4﻿﻿.﻿﻿ ﻿ The contributions of changes in temperature, precipitation, N deposition and CO2 to the global C budget under global change.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ The change of NM (soil mineral N) in biomes and N-saturation regions.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ The conceptual N-control modifiers in IBIS.
	﻿Table 1﻿﻿. ﻿ Design of the simulation experiments.
	﻿Table 2﻿﻿. ﻿  CO2 and N-deposition effects on N turnover (N in biomass is g N yr−1 N uptake is g N m−2 yr−1).
	﻿Table 3﻿﻿. ﻿  N critical loads in vegetation types.



 
    
       
          application/pdf
          
             
                Simulated effects of nitrogen saturation on the global carbon budget using the IBIS model
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39173
            
         
          
             
                Xuehe Lu
                Hong Jiang
                Jinxun Liu
                Xiuying Zhang
                Jiaxin Jin
                Qiuan Zhu
                Zhen Zhang
                Changhui Peng
            
         
          doi:10.1038/srep39173
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep39173
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep39173
            
         
      
       
          
          
          
             
                doi:10.1038/srep39173
            
         
          
             
                srep ,  (2016). doi:10.1038/srep39173
            
         
          
          
      
       
       
          True
      
   




