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COUPLING OF TERRESTRIAL C-N-P CYCLES
Land Biosphere C is organic:  

• N needed for enzymes, 
• N + P for biochemical reactions 

-> constrained C:N:P stoichiometry 
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COUPLING OF TERRESTRIAL C-N-P CYCLES

N deposition
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N and P are scarce in natural ecosystems 
• high costs of biological N fixation  
• P is derived from soil weathering

Land Biosphere C is organic:  
• N needed for enzymes, 
• N + P for biochemical reactions 

-> constrained C:N:P stoichiometry 
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Nutrient cycle are leaky 
• gaseous and leaching N losses 
• P becomes gradually locked in 

biologically unaccessible forms. 

N & P feedbacks between soil processes 
and vegetation growth 
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COUPLING OF TERRESTRIAL C-N-P CYCLES

N and P are scarce in natural ecosystems 
• high costs of biological N fixation  
• P is derived from soil weathering

Land Biosphere C is organic:  
• N needed for enzymes, 
• N + P for biochemical reactions 

-> constrained C:N:P stoichiometry 
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INFERRED N LIMITATION IN CMIP5 PROJECTIONS
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Projected land C storage
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DEVELOPMENT OF CLIMATE-BIOGEOCHEMISTRY MODELS
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CARBON CYCLE FEEDBACKS IN CMIP6

IPCC AR6, Ch 5, Fi 5.29,  
data from: Arora et al. 2020 

738

Chapter 5 Global Carbon and Other Biogeochemical Cycles and Feedbacks

5

Figure 5.29 | Estimates of the biogeochemical climate feedback parameter (ɲ). The parameter ɲ (W m−2 °C−1) for a feedback variable x is defined as ɲx = ɷN
ɷx

dx
dT  where 

ɷN
ɷx  is the change in top-of-atmosphere energy balance in response to a change in x  induced by a change in surface temperature (T), as in Section 7.4.1.1. (a) Synthesis of 
biogeochemical feedbacks from panels (b) and (c). Orange (blue) bars correspond to positive (negative) feedbacks increasing (decreasing) radiative forcing at the top of the 
atmosphere. Bars denote the mean and the error bar represents the 5–95% range of the estimates; (b) carbon-cycle feedbacks as estimated by coupled carbon-cycle climate 
models in the CMIP5 (Arora et al., 2013) and CMIP6 (Arora et al., 2020) ensembles, where dots represent single model estimates, and filled (open) circles are those estimates 
which do (not) include the representation of a terrestrial nitrogen cycle; (c) Estimates of other biogeochemical feedback mechanisms based on various modelling studies. Dots 
represent single estimates, and coloured bars denote the mean of these estimates with no weighting being made regarding the likelihood of any single estimate, and error bars 
the 5–95% range derived from these estimates. Results in panel (c) have been compiled from (a) Section 5.4.3.2 (Eliseev et al., 2014a; Harrison et al., 2018); (b) Section 5.4.3.3 
(Schneider von Deimling et al., 2012; Burke et al., 2013, 2017b; Koven et al., 2015a, c; MacDougall and Knutti, 2016b; Gasser et al., 2018; Kleinen and Brovkin, 2018), where 
the estimates from Burke et al., 2013 have been constrained as assessed in their study (c) Section 5.4.7 (Schneider von Deimling et al., 2012, 2015; Koven et al., 2015c; Turetsky 
et al., 2020); (d) Section 5.4.7 (Arneth et al., 2010; Denisov et al., 2013; Shindell et al., 2013; B.D. Stocker et al., 2013; Zhang et al., 2017); (f) Section 5.4.7 (Xu-Ri et al., 2012; 
B.D. Stocker et al., 2013; Zaehle, 2013; Tian et al., 2019); (g) Section 5.4.7 (Martinez-Rey et al., 2015; Landolfi et al., 2017; Battaglia and Joos, 2018b). (h) Section 6.3, Table 6.9 
mean and the 5–95% range the assessed feedback parameter. Further details on data sources and processing are available in the chapter data table (Table 5.SM.6).

New model structures of C-N models since CMIP5 
• show attenuated carbon-cycle feedbacks, 
• but with increased C-N model spread 
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LARGE DIVERGENCE IN MODEL RESPONSES

Davies-Barnard et al. 2021

mean and range of meta-analyses

New model structures of C-N models since CMIP5 
• show global carbon & nitrogen cycles generally compatible with standard C-cycle benchmarks 
• but diverse responses to forcing changes (N addition, CO2 increase…) 
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EFFECT OF STRUCTURAL MODEL UNCERTAINTY

MEYERHOLT ET aL.ƒƖѶѵՊ�|Պ ՊՍ
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(c)

Stoichiometry N-Fixation N-Loss

Process importance in 2100

• Ensemble of opportunities rarely give good insights into underlying causes of model spread 
• Modular approach needed to test multiple alternatives in a common modelling framework 

Here: 30 alternative N cycles in the OCN framework 

Meyerholt et al. 2020
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Technical Challenges: 
• ecosystems outside equilibrium 
• computational efficiency
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spent on P acquisition in evergreen broadleaf and evergreen needleleaf forests, respectively. In deciduous needle-
leaf forests, retranslocation represents 89% of the total 0.4 ± 0.4 g C m 2 yr −1 spent on P acquisition.

3.4. Global Spatial Distribution of Terrestrial N Versus P Limitation
One metric of global N and P limitation is the ratio of leaf N and P to leaf N and P retranslocation–the stoichi-
ometric homeostasis theory (Sterner & Elser, 2002), in which the demand ratio of N versus P for a mature leaf 
should be relatively constant to maintain leaf functioning (Du et al., 2020). ELM-FUN3.0 indicates a stronger P 
limitation in the tropics (Figure 9), except over grasslands, which are more N limited (see Figure S4 in Supporting 
Information S1).

In FUN3.0, leaf N and P retranslocation are related to the environmental cost of N and P by the optimization of 
C expenditure on retranslocation as the nutrients become more expensive with extraction. Estimates here indicate 
that 6.1% of the natural terrestrial land area is limited primarily by N, whereas 13.9% is primarily P limited. The 
remaining 80.0% of the land area is co-limited by N and P or weakly limited by either nutrient alone. Although 
there is a difference in absolute terms, these results are in alignment with those proposed in Elser et al. (2007) 
and Du et al. (2020) (Figure S9 in Supporting Information S1), in which a larger part of the global terrestrial land 
area is more relatively P limited and less significantly limited by N.

4. Discussion
Much of the uncertainty in ESMs projections of the future land C uptake is driven by how these models represent 
nutrient constraints on NPP (Ciais et al., 2013; Davies-Barnard et al., 2020; Fernández-Martínez et al., 2014; 
Fisher et al., 2012; Terrer et al., 2019; Wieder et al., 2015a). Using a process model of the dynamics and C 
economics of N and P acquisition from the environment coupled into ELM addresses part of this uncertainty by 
dynamically predicting the C costs of N and P acquisition at the same time, noting that book-keeping approaches 
may provide unreliable results (Sun et al., 2017). Specifically, we evaluated the total amounts and the spatial 
distributions of N and P acquisition (Figures 5 and 6); the amounts and spatial distributions of C used for N 

Figure 9. Nearly 80% of the land surface is estimated to be co-limited (gray) by nitrogen (N) and phosphorus (P), with the 
remaining 20% predominantly limited by either N (red) or P (blue). Global mapping of ELM-FUN3.0 predicted NP limitation 
for the period 1994–2005 following the stoichiometric homeostasis theory. Global N and P limitations were calculated 
using the ratio of leaf N and P over the ratio of leaf N and P retranslocation following the stoichiometric homeostasis theory 
(Sterner & Elser, 2002), in which the demand ratio of N versus P for a mature leaf should be relatively constant to maintain 
leaf functioning. Estimates indicate that 6.1% of the natural terrestrial land area is limited primarily by N, whereas 13.9% is 
primarily P limited. The remaining 80% of the land area is co-limited by N and P or weakly limited by either nutrient alone.

ARTICLES NATURE GEOSCIENCE

clay fraction, the interaction of MAT and MAP, and vegetation type 
(that is, woody ecosystems and grasslands) as important predictors 
(Fig. 2a and Supplementary Table 4; deviance explained 54%). The 
relative importance of the predictors (Fig. 2a) supported removing 
soil pH, CEC, NDVI, GPP and N deposition from the final model. 
In addition, diagnostic analyses showed that statistical assump-
tions (homoscedasticity, multivariate normality, independence of 
residuals and low multicollinearity) were met for the linear model 
(Supplementary Tables 4–8 and Supplementary Figs. 3 and 4).

Climate is the most important factor to affect nutrient limitation 
in our analysis (Fig. 2a). Partial regression analysis indicates that 
ln-transformed NREdom/PREdom decreased significantly with higher 

MAT (P < 0.001; Fig. 2b), greater temperature seasonality (P < 0.001; 
Fig. 2c) and higher MAP (P < 0.001; Fig. 2d), but increased with 
greater precipitation seasonality (P < 0.001; Fig. 2e). The trends of 
NREdom/PREdom with MAT and MAP were predominantly attribut-
able to a significant decrease of NREdom with both MAT (P < 0.001; 
Supplementary Fig. 5a) and MAP (P < 0.001; Supplementary Fig. 5b).  
The different trends of NREdom and PREdom might be attributable 
to the fact that P availability is strongly determined by soil parent 
materials4,36, whereas N availability is mainly determined by biologi-
cal N fixation and mineralization, which depend strongly on cli-
mate8,10. Moreover, MAT and MAP showed a significant interaction 
(P < 0.01; Fig. 2a and Supplementary Table 4), probably attributable, 

N limitation

N limitation

Non-N limitation

P limitation

1.02

0.16
–0.16

–0.91

ln NREdom/PREdom

Tested N limitation

Tested P limitation
Non-P limitation

P limitation

a

b

c

Fig. 3 | Global mapping of N and P limitation. a–c, Global mapping of predicted N and P limitation (a) as compared to field-diagnosed N (b) and P (c) 
limitation. All the sites from the NuLi database are shown in b (n!=!106) and c (n!=!53), but only sites (n!=!46 and 30, respectively) located in areas with 
absolute values of ln-transformed NREdom/PREdom!>!0.16 were used to validate the model predictions. The dark grey shading in a indicates areas with ln-
transformed NREdom/PREdom that range from −0.16 to 0.16. The light grey shading in a indicates cropland, urban and glacial areas. The figure was created 
using Arcgis 10.1 (ESRI).

NATURE GEOSCIENCE | VOL 13 | MARCH 2020 | 221–226 | www.nature.com/naturegeoscience224

Empirical distribution of N vs P limitation

Model-based distribution of N vs P limitation

Braghiere et al. 2022

• Tremendous progress in making more realistic 
representations of nutrient cycle processes 

• Tend to be (much) less restrictive than the first 
models of this kind 

• Can reproduce global benchmarks similar to their 
C-cycle counter parts 

• Have large divergence in terms of the actual effect 
of nutrient controls 

Du et al., 2020 
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CHALLENGE: DEFINING NUTRIENT TRADE-OFFS  

• How do plants adjust to changes in climate and 
CO2 in terms of allocation of nutrients? 

• Important to predict spatial patterns 
• Important to predict ecosystem dynamics 

• Dynamic response of plants to nutrient demand to 
increase below-ground carbon allocation  
via plant exudation and mycorrhiza vs changes vs 
respiration vs down regulation of photosynthesis 

• Can we use optimality theory to account for these 
adjustments? At what time and spatial scale?

Can this issue be fixed by principles of resource-use efficiency?

Caldararu et al. 2020

Consider trade-offs in stoichiometric 
flexibility 

•  nutrient uptake costs,  
•  carbon gain from investing into higher 
nutrient-concentration tissue versus 
respiration costs

Caldararu et al. 2020

Foliar N maximising  
net photosynthesis 

Foliar N maximising  
net growth under 
N constraints 



MAX PLANCK INSTITUTE FOR BIOGEOCHEMISTRY | SÖNKE ZAEHLE | LAND SURFACE MODELLING SUMMIT 2022  13

CHALLENGE: FEEDBACKS BETWEEN VEGETATION AND SOIL  

• Soil C turnover responds to increased exudation & 
mycorrhizal growth with “priming” (enhanced 
decomposition) 

• This “sometimes” makes nutrients available 

• Responses are vegetation/mycorrhiza/soil type 
specific 

• Challenging to generalise from experiments 
• Challenging to scale up  

(e.g. global distribution of mycorrhiza) 

• BUT: current soil models are giving the wrong 
answer, simply adding microbial explicit model 
likely not enough

Results by : Jiang et al. 2020, Nature

CO2 response in a mature, P-limited Eucalyptus Forest
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CHALLENGE: CONTROLS OF NUTRIENT INPUTS   

Long-term global N limitation controlled by 
assumptions about biological nitrogen fixation
• New data on quantifying important fixation 

controls (MIP by T. Bytnerowicz)
• BUT: Long-term dynamics determined by assumed  

cap N fixation with excess N demand  
(nutrient economy, vegetation composition & 
demography)

3494 T. Davies-Barnard et al.: Biological nitrogen fixation in CMIP6 models

2.3.7 VISIT-e – used in MIROC

VISIT-e is used in the Model for Interdisciplinary Research
on Climate, Earth System version 2 for Long-term simula-
tions (MIROC-ES2L) (Hajima et al., 2020). The nitrogen
component is described in Hajima et al. (2020).

BNF is a linear function of ET, based on Cleveland et
al. (1999). Symbiotic and free-living BNF is calculated us-
ing the same function and distinguished by symbiotic BNF
being directly available to plants, whereas free-living BNF
is assumed to be part of the litter. Symbiotic BNF repre-
sents 50 % of BNF. In cropland a higher level of BNF occurs
for nitrogen-fixing crops, but non-fixing crops have the same
BNF as natural vegetation (Hajima et al., 2020).

2.4 Observations

Following the methods of Davies-Barnard and Friedlingstein
(2020) we reviewed the BNF literature to find observational
data that covered all, or close to all, BNF at a field site (i.e.
including symbiotic and free-living fixation of as many BNF
types as are present). The locations of the site observations
used can be found in Fig. S1 in the Supplement. Further
details of the observations are in Table S1 in the Supple-
ment. Few measurements are available, with studies usually
focusing on either symbiotic or free-living BNF. Since recent
meta-analysis suggests that free-living BNF is approximately
a third of total BNF, and higher in some regions, we only
consider data that include explicitly both symbiotic and free-
living BNF or state that all sources of BNF are measured.

3 Results

3.1 Present-day BNF

The majority of the models have total global BNF be-
tween 80 and 130 Tg N yr�1 (Fig. 1a), within the uncertain-
ties in two recent observation-based BNF estimates (Davies-
Barnard and Friedlingstein, 2020; Vitousek et al., 2013).
The range between CMCC, TaiESM1, UKESM1, MPI-ESM,
and AWI-ESM, which all calculate BNF from NPP, is just
36 Tg N yr�1. There is, in some instances, as much variation
in global total BNF within models that share components as
between different models (see Sect. 2). For instance, CESM2
and NorESM2 share the same land surface model, and the
modelled BNF is still different by 43 Tg N yr�1. However,
there is little relationship between BNF function and total
global BNF, with the two models using BNF based on ET
encompassing the lowest and second-highest values. This is
suggestive of a substantial role for climate in modelling of
BNF and a deliberate clustering to the most common BNF
estimate (Davies-Barnard and Friedlingstein, 2020).

However, while for most ESMs the global BNF estimates
show good agreement with Davies-Barnard and Friedling-
stein (2020) and Vitousek et al. (2013), the majority of mod-

Figure 1. The global total annual BNF (Tg N yr�1) for the aver-
age of the period 1980–2014. The grey bars represent the obser-
vationally constrained ranges by Davies-Barnard and Friedlingstein
(2020) and Vitousek et al. (2013). The four panels represent latitude
bands and global. High latitudes: more than 60� N or 60� S. Mid-
latitudes: less than 60� N and more than 30� N, less than 60� S and
more than 30� S. Low latitudes: less than 30� N and less than 30� S.

els predict too much BNF in the tropics. In the low lati-
tudes (30� N to 30� S) 6 of the 10 models are above the
observation-based estimate (Fig. 1c), but in the mid-latitudes
only 1 model is above (Fig. 1d) and in the high latitudes
none (Fig. 1b). The multi-model mean of BNF from CMIP6
ESMs compared to an observation-based estimate (Fig. 2)
shows a broad agreement in spatial patterns, although there
are clear weaknesses of the ESMs’ BNF estimates in tropical
forests, where BNF is overestimated. This is to be expected
as most of the models are based on the data and linear mod-
elling presented in Cleveland et al. (1999). However, that lin-
ear modelling has been superseded, and recent studies have
shown much lower BNF in tropical forests (Davies-Barnard
and Friedlingstein, 2020; Sullivan et al., 2014; Vitousek et
al., 2013). Although there are sources of error in the models,
notably differing climate in the models’ historical simulation
compared to observations, these errors persist in the land sur-
face model components of the ESMs when driven with ob-
served data (see Fig. S2).

The pattern of high BNF in the tropics is partly due to
a small number of models with very high BNF (Fig. S3).
ACCESS has areas of anomalously high BNF in the trop-
ics of up to 139 kg N ha�1 yr�1. MIROC also has grid cells

Biogeosciences, 19, 3491–3503, 2022 https://doi.org/10.5194/bg-19-3491-2022
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CHALLENGE: CONTROLS OF NUTRIENT INPUTS   

Long-term global N limitation controlled by 
assumptions about biological nitrogen fixation
• New data on quantifying important fixation 

controls (MIP by T. Bytnerowicz)
• BUT: Long-term dynamics determined by assumed  

cap N fixation with excess N demand  
(nutrient economy, vegetation composition & 
demography)

Uncertainty in P availability due to exchangeability of 
P rather than total stock
• New data provide a better way towards 

representation global gradients in exchange 
capacity 

3494 T. Davies-Barnard et al.: Biological nitrogen fixation in CMIP6 models

2.3.7 VISIT-e – used in MIROC

VISIT-e is used in the Model for Interdisciplinary Research
on Climate, Earth System version 2 for Long-term simula-
tions (MIROC-ES2L) (Hajima et al., 2020). The nitrogen
component is described in Hajima et al. (2020).

BNF is a linear function of ET, based on Cleveland et
al. (1999). Symbiotic and free-living BNF is calculated us-
ing the same function and distinguished by symbiotic BNF
being directly available to plants, whereas free-living BNF
is assumed to be part of the litter. Symbiotic BNF repre-
sents 50 % of BNF. In cropland a higher level of BNF occurs
for nitrogen-fixing crops, but non-fixing crops have the same
BNF as natural vegetation (Hajima et al., 2020).

2.4 Observations

Following the methods of Davies-Barnard and Friedlingstein
(2020) we reviewed the BNF literature to find observational
data that covered all, or close to all, BNF at a field site (i.e.
including symbiotic and free-living fixation of as many BNF
types as are present). The locations of the site observations
used can be found in Fig. S1 in the Supplement. Further
details of the observations are in Table S1 in the Supple-
ment. Few measurements are available, with studies usually
focusing on either symbiotic or free-living BNF. Since recent
meta-analysis suggests that free-living BNF is approximately
a third of total BNF, and higher in some regions, we only
consider data that include explicitly both symbiotic and free-
living BNF or state that all sources of BNF are measured.

3 Results

3.1 Present-day BNF

The majority of the models have total global BNF be-
tween 80 and 130 Tg N yr�1 (Fig. 1a), within the uncertain-
ties in two recent observation-based BNF estimates (Davies-
Barnard and Friedlingstein, 2020; Vitousek et al., 2013).
The range between CMCC, TaiESM1, UKESM1, MPI-ESM,
and AWI-ESM, which all calculate BNF from NPP, is just
36 Tg N yr�1. There is, in some instances, as much variation
in global total BNF within models that share components as
between different models (see Sect. 2). For instance, CESM2
and NorESM2 share the same land surface model, and the
modelled BNF is still different by 43 Tg N yr�1. However,
there is little relationship between BNF function and total
global BNF, with the two models using BNF based on ET
encompassing the lowest and second-highest values. This is
suggestive of a substantial role for climate in modelling of
BNF and a deliberate clustering to the most common BNF
estimate (Davies-Barnard and Friedlingstein, 2020).

However, while for most ESMs the global BNF estimates
show good agreement with Davies-Barnard and Friedling-
stein (2020) and Vitousek et al. (2013), the majority of mod-

Figure 1. The global total annual BNF (Tg N yr�1) for the aver-
age of the period 1980–2014. The grey bars represent the obser-
vationally constrained ranges by Davies-Barnard and Friedlingstein
(2020) and Vitousek et al. (2013). The four panels represent latitude
bands and global. High latitudes: more than 60� N or 60� S. Mid-
latitudes: less than 60� N and more than 30� N, less than 60� S and
more than 30� S. Low latitudes: less than 30� N and less than 30� S.

els predict too much BNF in the tropics. In the low lati-
tudes (30� N to 30� S) 6 of the 10 models are above the
observation-based estimate (Fig. 1c), but in the mid-latitudes
only 1 model is above (Fig. 1d) and in the high latitudes
none (Fig. 1b). The multi-model mean of BNF from CMIP6
ESMs compared to an observation-based estimate (Fig. 2)
shows a broad agreement in spatial patterns, although there
are clear weaknesses of the ESMs’ BNF estimates in tropical
forests, where BNF is overestimated. This is to be expected
as most of the models are based on the data and linear mod-
elling presented in Cleveland et al. (1999). However, that lin-
ear modelling has been superseded, and recent studies have
shown much lower BNF in tropical forests (Davies-Barnard
and Friedlingstein, 2020; Sullivan et al., 2014; Vitousek et
al., 2013). Although there are sources of error in the models,
notably differing climate in the models’ historical simulation
compared to observations, these errors persist in the land sur-
face model components of the ESMs when driven with ob-
served data (see Fig. S2).

The pattern of high BNF in the tropics is partly due to
a small number of models with very high BNF (Fig. S3).
ACCESS has areas of anomalously high BNF in the trop-
ics of up to 139 kg N ha�1 yr�1. MIROC also has grid cells

Biogeosciences, 19, 3491–3503, 2022 https://doi.org/10.5194/bg-19-3491-2022
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CHALLENGE: COMPREHENSIVE EVALUATION

Challenges: 
• sparse nutrient cycle observations => community effort to collect relevant data would help… 
• compensating model errors hamper interpretation of model biases  

1996 Y. Sun et al.: ORCHIDEE-CNP v1.2 (r5986)

Figure 4. Violin plots of nitrogen use efficiency (NUE; a) and phosphorus use efficiency (PUE; b) by ORCHIDEE-CNP, GOLUM-CNP and
observations (Gill and Finzi, 2018) for six biomes: tropical rainforest (TRF), temperate deciduous forest (TEDF), temperate conifer forest
(TECF), boreal conifer forest (BOCF), temperate grass (TEG) and tropical grass (TRG). Open circles are the medians of all grid cells within
each biome, with balloons representing the probability density distribution of each value. Black whiskers indicate the interquartile.

Figure 5. Comparisons between pre-industrial GPP with an atmo-
spheric CO2 concentration of 296 ppm (GPP296) and current GPP
with an atmospheric CO2 concentration of 396 ppm (GPP396) for
all natural plants (a, b) and natural C3 plants (c, d) by ORCHIDEE-
CNP (a, c) and ORCHIDEE (b, d). The color scale shows the point
density. Different point densities and patch sizes for ORCHIDEE
and ORCHIDEE-CNP are due to the different spatial resolution
(2� ⇥ 2� for ORCHIDEE-CNP and 0.5� ⇥ 0.5� for ORCHIDEE).
The ratio between GPP396 and GPP296 indicates the CO2 fertiliza-
tion effects (ECO2 ). Green dashed areas indicate the observed ECO2
from the Campbell et al. (2017) COS records. Pink lines indicate the
observed ECO2 from Ehlers et al. (2015).

are below 15 % in ORCHIDEE-CNP for most biomes, of
a similar order of magnitude as in GOLUM-CNP (Fig. 6c,
d). ORCHIDEE-CNP simulates a lower ON in tropical nat-
ural biomes than GOLUM-CNP, which is mainly due to
lower but more realistic tropical BNF in ORCHIDEE-CNP
compared to GOLUM-CNP (Sect. S4 in the Supplement).
ORCHIDEE-CNP simulates a higher ON in high-latitude
grassland (Fig. 6a, b) than GOLUM-CNP, which is due to
overestimation of BNF in NH in ORCHIDEE-CNP (Sect. S4
in the Supplement). Modeled OP in natural biomes by
ORCHIDEE-CNP compares well with GOLUM-CNP ex-
cept for central Africa (Fig. 6c, d). This is primarily because
ORCHIDEE-CNP used a lower P deposition forcing than
GOLUM-CNP.

Residence time quantifies the average time it takes for an
N (or P) molecule to enter and leave the ecosystem (⌧N and
⌧P). In this study, we adopted the approach of Carvalhais et
al. (2014) for the carbon residence time. We define the resi-
dence time of N and P as the ratio of total respective nutrient
stock in the ecosystem to their respective total input flux:

⌧N =

5P
i=1

Ni + Ninorg

Nd + BNF
, (9)

⌧P =

5P
i=1

Pi + Pinorg

Pd + Pw
, (10)

where Ni indicates the N mass (g N m�2) in organic matter
pools i (with i = plant, litter, SOM pools), Ninorg is the sum
of all inorganic N pools, and Nd and BNF are N deposition
and biological N fixation rates, respectively (g N m�2 yr�1).
Similarly, Pi is the P mass (g P m�2) in organic matter pools,
Pinorg the sum of inorganic P pools, and Pd and Pw are
P deposition and P weathering release rates, respectively
(g P m�2 yr�1).

Geosci. Model Dev., 14, 1987–2010, 2021 https://doi.org/10.5194/gmd-14-1987-2021

Nutrient-specific benchmarks

Sun et al. 2021
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CHALLENGE: COMPREHENSIVE EVALUATION

Challenges: 
• sparse nutrient cycle observations => community effort to collect relevant data would help… 
• compensating model errors hamper interpretation of model biases  
• Manipulation studies: separate local from generic effects challenging?
• in long-term experiments the response almost aways depends on community dynamics

ARTICLESNATURE ECOLOGY & EVOLUTION

precipitation-induced changes in any other carbon-cycle variables 
with wetness was detected (Supplementary Figs. 3 and 4). The 
non-uniform patterns in the dependence of changing precipitation 
effects upon wetness indices, which are proxies for the current mois-
ture conditions at given sites, among carbon-cycle variables pose a 

great challenge for robust projections of carbon-cycle responses to 
changing precipitation regimes in global models27,28.

We calculated the relative precipitation sensitivity as the per-
centage change of carbon-cycle variables per 10 mm precipitation 
increase or decrease. All carbon-cycle variables except litter mass 
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Fig. 1 | Global distribution of manipulative experiments and the magnitudes of experimental manipulations against model projections. a, The global 
distribution and number (shown in square brackets) of single-factor and multifactor manipulative experiments (1973–2016). b, The increases of Earth’s land 
surface temperature (ΔT, °C) projected in all RCPs of the IPCC and manipulated by warming experiments. c, The changes (%) of mean annual precipitation 
(MAP) projected in all RCPs and manipulated by precipitation experiments. d, The increases in atmospheric CO2 concentrations [CO2] (ppm) projected in 
all RCPs and manipulated by eCO2 experiments. e, Maximum average N deposition over the world projected in RCP2.6, 4.5 and 8.5 and N addition rates 
(g!N!m-2!yr-1) in eN manipulative experiments. (W, warming; P, changing precipitation regimes; eCO2, elevated CO2; eN, enriched atmospheric N deposition; 
treatments in multifactor experiments are shown with multiple letters.)

NATURE ECOLOGY & EVOLUTION | VOL 3 | SEPTEMBER 2019 | 1309–1320 | www.nature.com/natecolevol 1311

Song et al. 2019

Manipulation experiments

1996 Y. Sun et al.: ORCHIDEE-CNP v1.2 (r5986)

Figure 4. Violin plots of nitrogen use efficiency (NUE; a) and phosphorus use efficiency (PUE; b) by ORCHIDEE-CNP, GOLUM-CNP and
observations (Gill and Finzi, 2018) for six biomes: tropical rainforest (TRF), temperate deciduous forest (TEDF), temperate conifer forest
(TECF), boreal conifer forest (BOCF), temperate grass (TEG) and tropical grass (TRG). Open circles are the medians of all grid cells within
each biome, with balloons representing the probability density distribution of each value. Black whiskers indicate the interquartile.

Figure 5. Comparisons between pre-industrial GPP with an atmo-
spheric CO2 concentration of 296 ppm (GPP296) and current GPP
with an atmospheric CO2 concentration of 396 ppm (GPP396) for
all natural plants (a, b) and natural C3 plants (c, d) by ORCHIDEE-
CNP (a, c) and ORCHIDEE (b, d). The color scale shows the point
density. Different point densities and patch sizes for ORCHIDEE
and ORCHIDEE-CNP are due to the different spatial resolution
(2� ⇥ 2� for ORCHIDEE-CNP and 0.5� ⇥ 0.5� for ORCHIDEE).
The ratio between GPP396 and GPP296 indicates the CO2 fertiliza-
tion effects (ECO2 ). Green dashed areas indicate the observed ECO2
from the Campbell et al. (2017) COS records. Pink lines indicate the
observed ECO2 from Ehlers et al. (2015).

are below 15 % in ORCHIDEE-CNP for most biomes, of
a similar order of magnitude as in GOLUM-CNP (Fig. 6c,
d). ORCHIDEE-CNP simulates a lower ON in tropical nat-
ural biomes than GOLUM-CNP, which is mainly due to
lower but more realistic tropical BNF in ORCHIDEE-CNP
compared to GOLUM-CNP (Sect. S4 in the Supplement).
ORCHIDEE-CNP simulates a higher ON in high-latitude
grassland (Fig. 6a, b) than GOLUM-CNP, which is due to
overestimation of BNF in NH in ORCHIDEE-CNP (Sect. S4
in the Supplement). Modeled OP in natural biomes by
ORCHIDEE-CNP compares well with GOLUM-CNP ex-
cept for central Africa (Fig. 6c, d). This is primarily because
ORCHIDEE-CNP used a lower P deposition forcing than
GOLUM-CNP.

Residence time quantifies the average time it takes for an
N (or P) molecule to enter and leave the ecosystem (⌧N and
⌧P). In this study, we adopted the approach of Carvalhais et
al. (2014) for the carbon residence time. We define the resi-
dence time of N and P as the ratio of total respective nutrient
stock in the ecosystem to their respective total input flux:

⌧N =

5P
i=1

Ni + Ninorg

Nd + BNF
, (9)

⌧P =

5P
i=1

Pi + Pinorg

Pd + Pw
, (10)

where Ni indicates the N mass (g N m�2) in organic matter
pools i (with i = plant, litter, SOM pools), Ninorg is the sum
of all inorganic N pools, and Nd and BNF are N deposition
and biological N fixation rates, respectively (g N m�2 yr�1).
Similarly, Pi is the P mass (g P m�2) in organic matter pools,
Pinorg the sum of inorganic P pools, and Pd and Pw are
P deposition and P weathering release rates, respectively
(g P m�2 yr�1).

Geosci. Model Dev., 14, 1987–2010, 2021 https://doi.org/10.5194/gmd-14-1987-2021

Nutrient-specific benchmarks

Sun et al. 2021
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NEW RESEARCH OPPORTUNITIES
• Increased access to observations allows for better informed studies in critical regions 

• AFEX, Amazon-FACE deliver new resources to rethink tropical P-cycle processes 
• New insights into N dynamics in thawing permafrost and subarctic ecosystems 

• Coupling of N-P dynamics to vegetation demography and  
disturbance regimes (fire, …) 

• Trade-offs between nutrient effects on CO2 storage and  
other climate drivers (CH4, N2O, albedo & water flux,  
reactive N chemistry and aerosols) 

• Effects of land-use and management  
• Implications of CDR deployment 

with a baseline simulation in which all grasslands would remain
natural without livestock changes or fertilization (see ‘Methods'
and Supplementary Table 1). The results indicate that manage-
ment intensification caused 9% less soil carbon storage since the
pre-industrial period (set to before 1750), because grazing and
mowing reduced the carbon input to soils (i.e., overall carbon
outputs from grassland ecosystem increased) more than they
increased input via the stimulation of plant productivity through
the generation of new leaves (Supplementary Figs. 7 and 8).
In particular, regions with overgrazing have a decreased
productivity and either smaller soil carbon gains or carbon losses
(see Supplementary Discussion 3).

In contrast, regions with sparsely grazed grasslands provided an
important climate cooling service, as in North America, Russia and
Oceania (Fig. 5), through indirect climate change effects that
enhanced carbon sinks. This result makes it clear that countries
should assess not only the GHG budgets of their managed pastures
(such as in the current national GHG reporting rules to the
UNFCCC) but also the sinks/sources of sparsely grazed rangelands,
steppes, tundra and natural grassland systems. Full GHG reporting
for the entire territory of each country could facilitate the
assessment of progress towards the goals of the Paris Agreement49
and better link national GHG budgets to the observed growth rates
of GHGs in the atmosphere. Moving to a complete estimate of all
GHG fluxes from grasslands calls for global models to incorporate a
realistic representation of management practices, including livestock
grazing, degradation, erosion and fires.

Today, on a global basis, managed grasslands provide half of the
feed needed for livestock, with the other half coming from crop-
based feed and residues. To fully assess the future climate impact of
the livestock sector, or more generally, of the entire agricultural
sector, the crop–feed-related GHG balance or emissions since 1750
would need to be included: a requirement that could be built upon
data already compiled for the last decade18.

Despite increased livestock and management intensification,
intriguingly, grasslands worldwide are found to exert no warming
effect on climate. This conclusion is thanks to the presence of
intensified carbon sinks, especially over sparsely grazed grasslands,
which mainly result from the increased productivity of grasslands
exposed to increased CO2 and nitrogen deposition. Maintaining this

cooling service will be important for meeting the Paris Agreement
targets. However, the recent trend (Fig. 4b) reveals that global
grasslands are transitioning from a net cooling towards a net
warming effect on climate. This trend can be attributed to the
recent grassland management intensification for livestock produc-
tion and the conversion of tropical forest to pasture. In the context
of low-warming climate targets, the mitigating or amplifying role of
grasslands will depend on: (1) future changes in grass-fed livestock
numbers; (2) the stability of accumulated soil carbon in grasslands;
and (3) whether carbon storage can be further increased over time,
or if it will saturate, as observed in long-term experiments50,51. For
example, a projected continual growth in bovine and ovine meat
production and consumption in the near future, especially an
accelerated growth of milk demand and production52, would result
in a continual increase in grass biomass demand and thus increases
in CH4 and N2O emissions. The future grassland net CO2 flux will
depend on changes in environmental drivers such as warming,
increased CO2 concentration, management intensity53, nitrogen
addition, including fertilizer and atmospheric nutrient deposition,
future land-use6,54, and fire regimes. To prevent further warming
contributions from managed grasslands, sustainable management
through optimized grazing, pasture improvement and restoration of
degraded pasture7,55,56 are critical to enhance grassland soil carbon
sequestration. Halting deforestation to pasture is also a priority in
countries like Brazil where moderate intensification could avoid
extensive cattle production and clearing of forests. Technologies
reducing livestock CH4 emissions, such as improving feeding
practices, specific agents and dietary additives, and longer-term
management change and animal breeding57,58, and practices
increasing nitrogen use efficiency and thus reducing N2O emissions
from fertilization and manure (e.g., as collected in ref. 59), are also
key for climate mitigation and should be explored in integrated
assessments.

Methods
Methods overview. This study assesses CO2, CH4 and N2O fluxes in grassland
ecosystems (including ecosystem-level fluxes from grasslands, and farm-level CH4 and
N2O fluxes from management activities, i.e., grass forage consumption and manure
management). The process-based land surface model ORCHIDEE-GM v3.2
(refs. 22,60) was used to simulate all carbon cycling flux and carbon pool components
within ecosystems, between farm and ecosystem (i.e., grass forage from mown
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Fig. 4 Radiative forcing induced by direct and indirect human activities on grasslands worldwide a in the year 2012 and b for the period 1900–2012.
The ‘Total’ column/line is the total contribution of grassland to the global radiative forcing (RF), accounting for the land-use change induced albedo change related
to grassland, land-use change emission related to grassland (CO2 ELUC) and the three grassland greenhouse gas (GHG) fluxes (CO2 soil sink, CH4 and N2O). In a,
the RF of each component is further divided for managed and sparsely grazed grasslands, and is shown as an empty bar outlined in the same colour with (managed
grasslands) and without (sparsely grazed grasslands) hatching, respectively. The stacked bar for CO2 ELUC includes, from bottom to top, the effect from
deforestation to pasture and conversion of grassland to cropland. The stacked bar for CH4 includes, from bottom to top, the direct effect from CH4, and its
associated effects through tropospheric O3 and lifetime change induced by ozone precursors, and stratospheric H2O. The stacked bar for N2O includes, from
bottom to top, the direct effect from N2O, and its associated effects through stratospheric O3. The uncertainties shown in a are 1-sigma standard deviation. The
coloured shaded areas in b are the 1-sigma confidence interval derived from our uncertainty assessment (see ‘Methods').
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Chang et al. 2021
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A NEW BIOSPHERE MODELLING APPROACH

• meristematic control of growth according to water/
nutrient/temperature stresses 

• considerings trade-offs to make resource allocation 
decisions 

• novel concepts for soil organic matter processes 
• vertically explicit 
• microbially explicit 
• sorption to stabilise C rather than prescribed 

turnover 
• includes 13C, 14C and 15N tracers to better constrain 

processes / improve use of manipulation experiments 

Thum et al., 2019 & Yu et al. 2020
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