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6 Synthesis and outlook

6.1 Summary

The aim of this thesis was to study the contribution of N deposition on the terrestrial C sink,

which was analyzed both for the recent past and near future. The focus was laid on the underlying

physiological mechanisms induced by rising N deposition in global vegetation and differences

between climate zones and forest types around the world. The conducted research encompassed a

variety of analyses of C–N interactions involving direct observations, terrestrial ecosystem models

and synthesis of existing scientific knowledge on the topic. In chapter (2) maximum canopy

photosynthesis (Amax) from FLUXNET forest sites was derived to analyze the relative control of

N deposition and climate on C assimilation. It was found that N deposition positively related to

Amax in boreal and temperate forests receiving less then 8 kg N ha−1 yr−1. Although confounding

climatic factors did not allow drawing an unambiguous link between N deposition and Amax in

these presumably N limited forests, the majority of forests prevailed above 8 kg N ha−1 yr−1 and

exhibited no photosynthetic response to N deposition.

In chapter (3) N cycle dynamics of the dynamic global vegetation model LPJ-GUESS were

evaluated, using direct C flux observations from FLUXNET and other independent data streams.

LPJ-GUESS was employed to assess historical N deposition effects (1900–2005) at site and global

scale. In absolute terms, N deposition had the greatest effect on C sequestration in temperate

regions, while they were limited in boreal regions. Unexpectedly, N deposition induced C

sequestration of tropical regions was equally high as in temperate forests. Globally, N deposition

contributed 24% to historical C sequestration. Then in chapter (4) the land-surface model, CABLE,

was used to assess historical and future N deposition effect (1901–2100) at global scale, while

considering the potential limitation constrained by P cycle dynamics thereon. Historically, N

deposition induced 6% of global C sequestration, with little P effects thereon. N deposition effects

increased in the future to 15% globally and contributed up to 40% to C sequestration in temperate

regions. The importance of N deposition increased over time due to a sustained demand for N

following CO2 fertilization. N effects were induced by increased N inputs and N uptake, while

NUE and plant C:N were minimally affected by N deposition within CABLE.

In chapter (5) existing knowledge on the underlying physiological mechanisms of positive ef-

fects of increasing N availability on wood growth were synthesized. There was limited evidence

that N induced wood growth is solely determined by photosynthesis enhancement, which is the main

acting mechanism of C–N interactions in current ecosystem models. Other potential mechanisms

were reviewed, out of which reduced plant C investments in mycorrhizae as a response to enhanced

N availability has a high potential to explain induced wood growths, which remains however poorly

quantified to date. This current chapter will highlight what the presented research could add to the

body of knowledge with regards to the effect of N deposition (and fertilization) on terrestrial C se-

questration, and what could be learned in regards to the underlying physiological processes of C–N
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effects. This will be discussed in order of the research questions posed in the introduction (section

1.7). Based on the presented findings recommendations for future research avenues to be carried

out are made.

6.2 Historical N deposition effect

The absolute amount of historical C sequestration differed significantly between the two models

employed in this study. In LPJ-GUESS, 117 Pg C were sequestered in terrestrial ecosystems

over the historical period (1901–2006), while in CABLE this estimate was almost twice as

high with 213 Pg C (1900–2010). This highlights the pressing discrepancy between currently

employed ecosystem models regarding the historical and contemporary C balance. The range of

modeled estimates of the historical C balance without accounting for land-use changes in the 5th

IPCC report is 160 ± 90 Pg C [Ciais et al., 2013], which spans both of the modeled estimates

in this thesis. The Global C Project provides an additional observational based estimate from

1959–2011 of 127 Pg C [Le Quéré et al., 2013], which would suggest that the LPJ-GUESS

estimate likely underestimated total C sequestration. It was not possible to constrain the historical

C balance any better with the conducted research, and there is currently limited knowledge on

how much C has actually been absorbed by the terrestrial biosphere during the 20th century. This

uncertainty is among others due to the fact that global C stocks, in particular soil C, are very

challenging to quantify [Scharlemann et al., 2014]. Nonetheless, the rather poor representation

of the C balance by current ecosystem models is in disproportion to these uncertainties, i.e.

initial conditions of C stocks and global productivity in ecosystem models can and should

be improved before we address complexities such as nutrient cycles and vegetation dynamics

[Anav et al., 2013]. Existing observational based knowledge should be tightly integrated, and

stricter benchmarking practices than commonly applied should be the norm in ecosystem modeling.

The contribution of N deposition on the global C sink over the historical period similarly

diverged between the models, also in relative terms to total C sequestration, so not solely due to

diverging total C sequestration estimates discussed above. LPJ-GUESS estimated that c. 25% of

C sequestration has been due to N deposition (1901–2005), while in CABLE only 7% have been

sequestered due to N deposition. Considering only the 1990s, the models agreed more on the N

deposition effect; in LPJ-GUESS, c.19% of global C sequestration was due to N deposition, or

0.46 and 0.56 Pg C yr−1, depending on the approach employed. In CABLE, the derived estimate

was 0.3 Pg C yr−1, which constituted c.13% of global C sequestration. The remaining discrepancy

between the models could be lowered when the strong tropical C response to N deposition in

LPJ-GUESS would be ignored, in which there is somewhat limited confidence (discussed below).

Both models were in agreement with previously established ranges of current N deposition effects

of 0.2–0.6 Pg C yr−1 [Zaehle et al., 2010b], which would be equivalent to 10–20% of the global

C sink. Thus although the two models diverged strongly on historical C sequestration and N

deposition effects, both modeling experiments supported the established estimate of current N

deposition effects on C sequestration. Whether this can indeed increase our confidence in the

established range remains to be seen however.

Both LPJ-GUESS and CABLE model experiments agreed on the large contribution of

temperate ecosystems, and in particular temperate forests, to the N deposition induced C sink

over the historical period. Boreal forests were most efficient in converting N deposition into C

sequestration in both models, and also in the FLUXNET analysis boreal forests’ Amax had highest

sensitivities to N deposition. But in absolute terms the historical effect of N deposition on C

sequestration in boreal forests remained limited. The model simulations and upscaling approaches

derived N deposition induced C sequestration of 3.3 Pg C in LPJ-GUESS and 2.5 Pg C in CABLE.
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These relatively low absolute effects are due to relatively low amounts of N deposition in boreal

regions, i.e. low compared to temperate and some tropical regions. Also observational based

estimates of C sequestration in the boreal regions point to rather low estimates [Pan et al., 2011].

The models disagreed on the role of N deposition on the C balance in tropical ecosystems. In

CABLE, N deposition induced limited historical C sequestration in the tropics, i.e. 1.6 Pg C, which

was relatively independent of P-cycle dynamics. In LPJ-GUESS, N deposition had large effects

in the tropics, i.e. 11.9 Pg C, which was however not seen in other modeling studies employing

LPJ-GUESS [Wårlind et al., 2014]. N deposition is often assumed to have limited effects in

tropical ecosystems due to prevailing P limitation, however we need to recognize that observational

evidence also points to significant C sequestration responses to N in the tropics [LeBauer and

Treseder, 2008]. This in combination with the predicted rise of N deposition in tropical areas

[Lamarque et al., 2013] and potential N–P cycle interactions [Vitousek et al., 2010], calls for

careful re-evaluation of N deposition effects on C sequestration in tropical regions. The global

distribution of N and P limitation is far from resolved to date and we need to refrain from making

simplifying assumptions thereon, but rather expand measurement efforts to assess N–P interactions

and include P fertilization in controlled N fertilization experiments (and vice versa). Furthermore

such research needs to be conducted increasingly in underrepresented areas such as the tropics (see

the The Amazon Fertilisation Experiment - AFEX for a leading example).

Not only in the case of N fertilization experiments, but also in many (if not all) observational

datasets employed in this study, e.g. the FLUXNET network, it emerged that observational

evidence is highly biased in space and large regions/biomes are underrepresented. This is one

reason for the considerable uncertainties we face in regards to N deposition effects at global scale.

Over-represented regions are generally speaking located in Europe and NE America, while tropical

and subtropical ecosystems are largely underrepresented, including South America, Asia and

Africa. Moreover, many of these underrepresented areas are strong determiners of the global C

balance and are likely highly influenced by C–N dynamics. One example are subtropical-temperate

ecosystems in SE Asia (e.g. in China and India) due to the intense recent rise in N deposition rates

and subsequent modification of the N cycle [Liu et al., 2013]. While Europe and NE America

have been exposed to high N deposition levels for more than a century, the rise in these regions is

more recent, providing a large potential of advancing the understanding of C–N interactions by

directly observing such changes. Although less prone to rises in N deposition, the Amazon forest

provides a large portion of the global terrestrial C sink, but remains largely underrepresented in

global observational datasets. Climate-nutrient interactions in the Amazon are of greatest priority

for future projections of the global C cycle, where in particular the role of P limitation needs to be

quantified and spatially resolved (see chapter 4).

6.3 Physiological processes underlying C–N effects

In order to better quantify and predict N deposition effects on C cycling in terrestrial ecosystems

it is essential to elucidate the underlying mechanisms. Only if we understand how N deposition

affects physiological processes, from photosynthesis, to plant C allocation and soil decomposition

processes, and how these interact with other drivers of ecosystem functioning, can we foresee

future consequences of N deposition with some kind of reliability. Clearly identifying responsible

physiological mechanisms for changes in ecosystem functioning is however challenging. Measure-

ment efforts need to be able to break down changes in productivity or other factors of ecosystem

functioning into underlying processes. Ideally, such a process-based approach should be the base of

all measurement campaigns, scientific experiments and modeling projects. This might be slightly
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over-ambitious to date as current measurement techniques and developed standards do not always

allow doing so and such approaches are costly, it should nevertheless be the overarching aim. Many

potentially relevant processes can only be indirectly assessed to date, in particular for belowground

processes and internal plant C allocation. Also, in the case of modeling, not all processes are

currently represented in ecosystem models, partly due to lack of sound observational knowledge.

On the other hand, even without the knowledge we can employ models to guide observations and

constrain quantification of such less known processes, which is however less commonly done,

but see for an example Dezi et al. [2010]. Therefore future efforts should be directed towards

addressing these shortcomings, and should involve a more frequent two-way stream between

ecosystem modeling and observational based research.

Although differing in scope and context, in all of the chapters of this thesis, a process-based

approach of scientific investigation was aimed for. In chapter 2 FLUXNET data was analyzed to

derive the photosynthetic parameter (Amax) at canopy scale. Employing FLUXNET data to derive

photosynthetic parameters was novel and allowed the assessment of N deposition effects on canopy

photosynthesis (see Law [2013]). The results challenged the central perspective of N effects on

photosynthesis adopted in many ecosystem models, identifying saturating photosynthesis responses

to N and the subsequent unresponsiveness to N deposition above a rather low lying threshold.

Such results should be directly transferable to improved parameterization of ecosystem models,

and led to the subsequent investigation of the other potential physiological mechanisms at work in 5.

Also, in chapter 3, the evaluation of modeled output of LPJ-GUESS followed a process-based

approach and net ecosystem exchange (NEE) was broken down into photosynthesis (GPP) and

ecosystem respiration (Reco). The comparison showed that in particular respiration processes need

better observational constraints to allow accurate modeling of ecosystem processes. Afterwards,

in chapter 4, it was investigated how N deposition increased C sequestration at the process-level

in CABLE. Commonly, ecosystem models do not cover all potentially relevant processes, but

focus on the N dependence of photosynthesis and to some extent on N control on respiration and

C allocation. Within CABLE, N deposition induced greatest changes in the rate of N uptake,

alleviating N demand from CO2 fertilization effect and in turn enhancing C assimilation and

biomass production.

The process-based analyses of ecosystem models undertaken in chapter 3 and 4 can and

should be expanded in the future. Even more can be learned from such model experiments

with further separation of modeled outcomes into the underlying processes. Another promising

avenue could be the implementation of differing process-representations within LPJ-GUESS and

CABLE to constrain their potential effects on ecosystem processes, e.g. the parameterization (and

representation) of N and P cycle dynamics. It has to be noted that C–N interactions in ecosystem

models employed in this thesis, and for that matter in all commonly employed ecosystem models,

do not reflect the full scope of potentially relevant mechanisms. Future model experiments and

developments can benefit greatly from lessons learned from elaborate model–data intercomparison

projects, and should therefore take advantage of them in the future. For example, from a synthesis

involving 11 ecosystem models to reproduce observed ecosystem responses from two FACE

experiments (Free-Air CO2 Enrichment), we have additionally learned that better representation

of interactions between above and belowground processes, as well as improved inclusion of plant

stoichiometry are needed for future quantification of C–N interactions [Zaehle et al., 2014].

Discrepancies between observed and modeled ecosystem responses to N deposition have

emerged from the conducted research of this thesis, e.g. in chapter 2, but also from many other

lines of observational evidence. The conducted literature review in chapter 5 aimed to address
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those by synthesizing observational evidence on the potential mechanisms underlying the observed

positive effect of N deposition on wood production, in the hope to inform future measurement

and modeling activities. Although considerable uncertainties remained associated to the identified

mechanisms, it emerged that N deposition effects on photosynthesis alone are unlikely to explain

the observed positive effect on wood production. In particular belowground C allocation processes,

i.e. allocation to root production and turnover as well as C allocated to mycorrhizal associations,

require better quantification of their response to N availability. Mycorrhizal dynamics in particular,

emerged to have a strong potential to significantly control N effects on C sequestration. There is a

great need to place a stronger focus on belowground C–N interactions in future observations and

experiments, as well as adopting a process-based approach during sampling design and modeling.

6.4 Future N deposition effects

There is considerable evidence that N deposition currently enhances the terrestrial global C sink,

and has done so in the past. Next to refining the precise magnitude and location of the N induced

C sink discussed above, a pressing question is whether the N deposition induced land C sink

(or C bonus) will be maintained or whether it becomes saturated in the near or far future. The

following aspects are judged to be most important in determining future N deposition effects on C

sequestration in different parts of the world.

The model experiment in chapter 4 determined that future N deposition effects are largely

dependent on the future of the CO2 fertilization effect. Continuously elevated CO2 stimulated

vegetation productivity, which increased the demand for N and subsequently caused the positive

effect of rising N deposition on C sequestration, well into the 21st century. Whether this projected

CO2 fertilization effect will be maintained, i.e. whether elevated CO2 will continue to stimulate

terrestrial productivity, and how strong this effect will be in different parts of the world [Hickler

et al., 2008] is however uncertain (see also the discussion in chapter 4). Knowledge on CO2

effects on C assimilation and biomass production is derived from upscaling results of eCO2

experiments, mainly conducted in temperate regions to date, and theoretical applications of

the Farquahar photosynthesis equation [Farquhar et al., 1980, Hickler et al., 2008]. Elevated

CO2 experiments are highly biased in space and there is an urgent need to expand research in

underrepresented regions, mainly in subtropical and tropical ecosystems [Jones et al., 2014], of

which one such experiment underway, see AmazonFACE [Lapola and Norby, 2014]. If CO2

remains to significantly stimulate global forest productivity, then N deposition is likely to avoid

or delay progressive N limitation [Luo et al., 2004]. However, if the CO2 fertilization effect

ceases to drive global productivity, the positive effect of N deposition on C sequestration is likely

diminished, although this should not be assumed and photosynthesis and growth may indeed

continue to be limited by N regardless of CO2. The question of what limits photosynthesis and

growth directly should be central to future studies, and the current focus of growth being limited

by photosynthesis in global ecosystem models should be carefully re-evaluated [Fatichi et al., 2014].

Further, future N deposition effects are largely dependent on future trajectories of N availabil-

ity, which can be split into factors determining external and internal Nr creation. Firstly, external

Nr creation is the amount of N deposited from anthropogenic and natural sources, which depends

on socio-economic trajectories of human populations, their agriculture, industry and behavior, so

that projected N deposition estimates vary largely between these scenarios [Lamarque et al., 2013].

On top of that, spatial-explicit modeled estimates of N deposition are associated to considerable

uncertainties, partly due to incomplete spatial and temporal coverage of monitoring stations

of deposition and emissions, but also uncertainties from the atmospheric transport modelling
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component. Advances in remotely sensed products of Nr concentrations, such as Ammonia (NH3)

are a promising avenue for improving predictions of N deposition in the future [Van Damme

et al., 2014]. Combined with ground-based expansion of measurement networks and emission

quantification, such products can greatly reduce uncertainties in global predictions of N deposition.

In addition to quantifying spatially-explicit N deposition, internal ecosystem processes

controlling plant-available N will play an important role in the future. Current and future warming

will increase soil temperatures, which is likely to accelerate soil organic matter decomposition and

therefore increase the amount of plant-available soil N [Melillo et al., 2011]. This feedback is of

particular relevance in mid to high latitudes, where N availability and temperature constrain plant

growth. Expected temperature increases in mid to high latitudes are further likely stimulating N

fixation rates [Houlton et al., 2008, Wang and Houlton, 2009], which would also lift N limitation,

but to what degree is uncertain to date. Increasing temperatures, in particular in mid and high

latitudes, may thus significantly increase N availability and enhance C sequestration into the future

[Zaehle et al., 2010a]. The future role of N deposition on C sequestration may be altered when

other sources of N become available. Consequently, more work is needed to clarify these and other

internal processes controlling the amount of plant-available N in terrestrial ecosystems.

Another aspect that likely considerably reduces N deposition induced C sequestration rates

are adverse effects of accumulating N deposition, predominantly relevant at local and regional

scale. In areas of intense industry and agriculture, high N deposition rates occur and N has

accumulated for decades, so that supply is exceeding plant and microbial demands often by orders

of magnitude, inducing N saturation [Aber et al., 1998, Erisman et al., 2008, Galloway et al.,

2008]. Consequences of accumulating N include but are not limited to reduced growth, increased

N losses and chemical imbalances, which have been relatively well studied and quantified in such

regions[Aber et al., 1998, Erisman and Vries, 2000, Galloway et al., 2003, Gao et al., 2014].

Nonetheless, the degree to which N accumulation affect the global C cycle by offsetting the land C

sink remains uncertain. Saturating effects of N deposition remain unconsidered in global ecosystem

models to date. Potential consequences of neglecting these processes in ecosystem models were

discussed in chapter 4, and suggestions on how such considerations could be realized have also

been made [Smithwick et al., 2013].

Furthermore, the dependency of any future N deposition effect on C sequestration will be

constrained by the degree to which other limiting nutrients and conditions will exert on the

future terrestrial C balance. Chapter 4 illustrated a potential trajectory of future P limitation on

global C sequestration, however N–P interactions remain associated to considerable uncertainty. In

particular the degree to which plants are able to acquire P, the amount of plant-available P present in

ecosystems and N–P controls on plant physiological processes requires further research. Although

N and P are the most likely nutrients to control productivity at global scale [Elser et al., 2007,

Vitousek and Howarth, 1991, Vitousek et al., 2010], these conclusions are certainly not limited

to N and P, but include any other nutrient relevant for plant functioning. For completion here, it

is implicit that the basic control on plant production are determined by climatic conditions and

water availability, which will have overarching effects but also interact with C–N(–P) interactions

discussed in this thesis.

The importance of N deposition effects at species level, interspecific competition and hence

ecosystem composition and functioning, needs to be stressed at this point. N deposition alters the

nutrient regime, and potentially nutrient stoichiometry, a condition to which most plant species

are adapted to. Many species have evolved in low nutrient environments, and N deposition

thus is expected to alter species composition of N limited ecosystems and as a consequence
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biodiversity patterns worldwide. N deposition generally reduces species richness and diversity in

N limited ecosystems, already at low levels of N deposition, which are currently vastly exceeded

in most areas of the world [Bobbink and Hicks, 2014, Bobbink et al., 2010]. N deposition

effects at species-level are highly relevant for global biodiversity, but are further highly likely

to change C cycling rates and ecosystem functioning as a whole. This emerging ecosystem

effect of C–N interactions at the species level has only been explored by few studies so far,

employing trait-based models [De Deyn et al., 2008]. Trait-based approaches in ecosystem

models address the recognized variation of plant traits within traditionally defined PFTs, allow-

ing us to assess consequences of intra- and interspecific trait variations on ecological processes

and responses to global change [Moran et al., 2015, Scheiter et al., 2013, van Bodegom et al., 2012].

6.5 Conclusion

N deposition is an important driver of terrestrial C sequestration, being responsible for c. 10–

20% of the current and historical land C sink. N cycle dynamics are increasingly incorporated in

global ecosystem models, but it remains challenging to further constrain the current and historical

N deposition effect. N deposition needs to be recognized as an important potential driver of the

future global C sink, while also regionally induced adverse effects of accumulating N deposition

require consideration. C–N interactions in ecosystem models are generally focused on C assimila-

tion and respiration processes but there is ample evidence that the dependence of C allocation on

N availability, as well as other belowground processes on N, such as root turnover and mycorrhizal

C investment, are also likely to be controlled by N. Measurement efforts need to adopt a whole–

system approach when assessing N effects on the C balance, allowing ecosystem models to refine

C–N process representations. Complementary, ecosystem models need to be employed to define

hypotheses of C–N interactions to be addressed in the field, and need to be rigorously tested and

benchmarked from the process–based and whole–system perspective. Finally, there is a great need

to expand current observational efforts and experimental work into underrepresented areas around

the globe, in particular the subtropical and tropical realm has suffered from disproportional research

investments. The gains of conducted research in such areas would be significantly out-compete in-

vestments in traditional research areas in the temperate zone, and would greatly enhance our ability

to understand and predict ecosystem functioning at global scale.
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