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Abstract Tropical forests play a crucial role in the global carbon cycle, accounting for one third of the
global net primary productivity and containing about 25% of global vegetation biomass and soil carbon.
This is particularly true for tropical forests in the Amazon region, as these comprise approximately 50% of
the world's tropical forests. It is therefore important for us to understand and represent the processes that
determine the fluxes and storage of carbon in these forests. In this study, we show that the implementation of
phosphorus (P) cycle and P limitation in the version 1 of the Energy Exascale Earth System Model land
model (ELM v1) improves simulated spatial pattern of wood productivity. The P‐enabled ELM v1 is able to
capture the declining west‐to‐east gradient of productivity, consistent with field observations. We also
show that by improving the representation of mortality processes using soils data, ELMv1 is able to
reproduce the observed spatial pattern of above ground biomass. Our model simulations show that the
consideration of P availability leads to a smaller carbon sink associated with CO2 fertilization effect and
lower carbon emissions due to land use and land cover change. Our simulations suggest P limitation would
significantly reduce the carbon sink associated with CO2 fertilization effects through the 21st century. We
conclude that P cycle dynamics affect both sources and sinks of carbon in the Amazon region, and the
effects of P limitation would become increasingly important as CO2 increases. Therefore, P limitation must
be considered for projecting future carbon dynamics in tropical ecosystems.

1. Introduction

Tropical forests play a crucial role in the global carbon (C) cycle, accounting for roughly one third of the glo-
bal net primary productivity (NPP) and containing about 25% of global vegetation biomass and soil C (Pan
et al., 2011). This is particularly true for tropical forests in the Amazon region, as they comprise approxi-
mately 50% of the world's tropical forests (Castanho et al., 2013; Pan et al., 2011). However, there is a lack
of agreement on their contribution to the global C balance due to large uncertainties associated with the
sources and sinks of C in the Amazon region (Mitchard, 2018).

It has been generally agreed that undisturbed rainforests in the Amazon region act as a C sink (Brienen et al.,
2015; Pan et al., 2011), although the size, causes, and the future trend of the sink are quite uncertain
(Mitchard, 2018). A recent field study by Brienen et al. (2015) suggested that the land C sink in the intact
Amazon forests is becoming saturated. The exact causes of this saturation are unknown. Hedin (2015) sug-
gested that increased nutrient limitation might be one of the reasons for the land C sink saturation. Changes
in climate might also be a contributing factor. Clark et al. (2013) found that climate‐driven declines in pro-
ductivity exceeded the positive response associated with increasing atmospheric CO2. Tropical forests have
also acted as an important source of C as a result of deforestation associated with land use and land cover
change (LULCC). Deforestation affects very large areas of the Amazon forest; about 50 Mha was deforested
between 2010–2012, mainly driven by clearing land for cropland or pastureland (Mitchard, 2018). Large
uncertainties exist regarding the estimate of amount of C released from deforestation because of potentially
large biases in the assumed distribution of vegetation biomass (Avitabile et al., 2016; Baccini et al., 2012;
Mitchard, 2018; Mitchard et al., 2014). Previous studies suggested that as much as 60% of the total uncer-
tainty in estimated emissions in Amazonia can be attributed to uncertainty in the vegetation C stocks
(Houghton et al., 2000).
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Spatially explicit ecosystem modeling has been used extensively to assess how the sources and sinks of C in
the Amazon region respond to changes in atmospheric CO2 and climate and land use change (Castanho
et al., 2016; Galbraith et al., 2010; Huntingford et al., 2013; Rammig et al., 2010; Tian et al., 1998; Zhang
et al., 2015). However, none of these modeling studies considered the effect of phosphorus (P) limitation
and the interactions between P dynamics and C cycle responses to atmospheric CO2, climate, and land
use. P is generally considered as the most limiting nutrient in the old‐growth, lowland tropical forests, as
most soil P has been lost through weathering and leaching during millions years of soil development
(Walker & Syers, 1976). Most of the P in tropical soils is either in organic form or in occluded form, with high
recycling of P in tropical forests (Yang & Post, 2011). Wieder et al. (2015) evaluated how simulated CO2 fer-
tilization effects in CoupledModel Intercomparison Project phase 5 models could be constrained by nutrient
availability and highlighted the importance of P limitation in constraining future NPP, especially in tropical
ecosystems. Sun et al. (2017) also diagnosed P demand from ESMs and actual P availability and found that
the extent of P deficit depends mainly on the assumptions about the availability of different soil P forms and
called formoremodels to incorporate the P cycle and its interactions with the cycles of C and nitrogen (N). In
recent years, increasing numbers of land surface models are incorporating P cycling, and carbon‐nitrogen‐
phosphorus (CNP) interactions andmodel simulations from these P‐enabledmodels have demonstrated that
P limitation could constrain tropical ecosystem responses to CO2, although the extent of P limitation remain
uncertain (Goll et al., 2012; Wang et al., 2010; Yang et al., 2014; Yang et al., 2016).

There are increasingly more field observations of wood productivity and biomass available, in particular
from the RAINFOR plots (http://www.rainfor.org), both in terms of temporal and spatial coverage.
However, they are little used for the improvement of parameterization or process representation in tropical
modeling studies, except for Castanho et al. (2013). Recent efforts utilizing these observational data were
mostly focused only on the evaluation of a few dynamic global vegetation models (Castanho et al., 2016;
Delbart et al., 2010; Johnson et al., 2016). Observational studies from RAINFOR plots provide important
information about the distributions of forest productivity and aboveground biomass (AGB). For example,
there are opposing west‐east gradients of productivity and AGB in Amazon forests (Malhi et al., 2004;
Malhi et al., 2009; Quesada et al., 2012). Productivity tends to decrease fromwest to east, whereas AGB tends
to increase from west to east across the Amazon basin (Aragão et al., 2009; Quesada et al., 2009). These field
observations also yield insights about the processes that drive the spatial variation of productivity and bio-
mass. Quesada et al. (2012) found that the decreasing west‐east gradient in productivity is mostly related
to total soil P and the increasing gradient in AGB tends to be related to soil physical properties, rather than
climate variations. Galbraith et al. (2013) suggested that mortality rate varied almost six‐fold among tropical
forest plots and generally depended on soil weathering stages. Integrating these field observational data and
the associated process understanding into models should help us better quantify the C balance in the
Amazon region and improve the predictive capability of models.

In this study, we explored the contributions of increasing atmospheric CO2, climate, and LULCC to the C
sources and sinks in the Amazon region. In particular, we investigated how the P cycle affects the magnitude
and distribution of the C sources and sinks. We conducted the evaluation using the Energy Exascale Earth
System Model (E3SM) land model (ELM v1). We used forest plot data to improve the parameterization and
representation of key processes that control C fluxes and stocks in the tropical ecosystems. We performed a
series of simulations to assess the C fluxes associated with CO2, climate, and LULCC, with and without con-
sidering the P cycle.We examined the spatial and temporal patterns of C uptake and release by ecosystems in
the Amazon region aiming to understand how P cycle processes influence these patterns.

2. Method
2.1. ELM v1

ELM v1 used in this study contains a number of improvements from ELM v0 (Ricciuto et al., 2018), which
branched from community land model 4.5 (Oleson et al., 2013) that included vertically resolved soil biogeo-
chemistry, explicit representation of ammonium and nitrate pools, and associated nitrification and denitri-
fication fluxes (Koven et al., 2013). The major improvements in ELM v1 (Figure 1) compared to ELM v0,
include (1) the implementation of a prognostic P cycle and CNP interactions, (2) the introduction of a
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soil‐order‐based mortality for tropical forests, and (3) the introduction of C, N, and P nonstructural vegeta-
tion storage pools.

We implemented a fully prognostic P cycle and CNP interactions into ELM v1. The major P pools and fluxes
are based on our previous modeling study that implemented a P cycle into community land model 4 (Yang
et al., 2014). There are five inorganic P pools, namely solution P, labile P, secondary mineral P, parent mate-
rial P, and occluded P. Solution P represents the most readily available P. This pool can be directly taken up
by plants andmicrobes and is rapidly replenished from the labile P pool when depleted. Labile P can become
adsorbed onto secondary minerals and become secondary mineral P. Secondary mineral P can reenter labile
P when desorption happens but at a much lower rate. Secondary mineral P is also gradually occluded to
become occluded P. It is assumed that plants andmicrobes cannot access occluded P due to physical and che-
mical protections. The P inputs into ecosystems include atmospheric deposition and weathering, and the
sole output flux is P leaching. Atmospheric P deposition is prescribed based on (Mahowald et al., 2005). P
weathering flux is a function of weathering rate and parent material P. Plants and microbes can only take
up P from solution P. Total flux of P for allocation to new growth is the sum of plant P uptake from soils
and P flux due to resorption. Resorption flux of P is assumed to occur only during leaf turnover at a fixed
fraction. P mineralization is represented in the model by biological mineralization associated with soil
organic matter decomposition and biochemical mineralization through phosphatase activity. Biochemical
mineralization of P is a function of the extent of P limitation, the extent of N limitation, and the size of soil
organic P pool. P limitation on plant growth and soil decomposition are resolved based on a supply‐demand
approach, with supply controlled by the size of soil solution P and demand being the sum of plant andmicro-
bial demand. With both N and P limitations represented in the model, we employ the Liebig law to resolve
the N versus P limitation, for example, the most limiting nutrient will determine the overall nutrient limita-
tion. Detailed equations on the P cycle can be found in Yang et al. (2014). Here, we extend the original P cycle
model into the vertically resolved structure in ELM v1, capturing the dynamics of inorganic P pools, the con-
version between organic P and inorganic P in each soil layer, as well as the vertical transport of P pools
between the layers.

The second major change we made in ELM v1 is the introduction of a simple approach to capture the soil
physical structural controls on treemortality, based on soil order. Galbraith et al. (2013) showed that edaphic
factors exerted a strong influence on tree mortality in tropical forests, suggesting that tree mortality is lowest
in highly weathered oxisols and highest in young soils. Quesada et al. (2009) found that mortality rate
was significantly influenced by soil physical properties (topography, soil depth, and structure), which is

Figure 1. The model diagram of Energy Exascale Earth System Model land model. CWD, coarse woody debris; N, nitro-
gen; P, phosphorus.
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related to pedogenic development status. Poor soil physical properties
such as shallow soil depths in young soils favor high mortality rates, while
better soil physical properties in very old soils support low mortality rates
(Quesada et al., 2012). We implement the relationship between soil order
and tree mortality in tropical forests established in Galbraith et al. (2013)
into ELM v1.

The third important change in ELM v1 is the implementation of the non-
structural C, N, and P storage pools. Nutrients acquired by plant are first
allocated to nonstructural nutrient storage pools. The availability of
nutrients from the non‐structural pools, compared with nutrient
demand, determines the extent of nutrient limitation. Excess C due to
nutrient limitation is allocated to a nonstructural C storage pool instead
of instantaneous downregulation on GPP (Metcalfe et al., 2017). This
excess C is respired to the atmosphere as an additional autotrophic
respiration flux with a 3‐year turnover time at 25 °C, which is modified
by the same temperature function as for maintenance respiration.
Allocation to structural plant pools is then calculated using available C
and available nonstructural nutrients.

2.2. Model Configuration and Simulations

We performed two categories of simulations. The first category is a series of site level simulations at the grid
cells where observational data are available (Figure 2). We ran the model with and without P limitation (car-
bon‐nitrogen (CN) and CNP, see below for details) to evaluate the model performance at these sites. We also
ran themodel with constant mortality rates andwith soil order basedmortality rates to evaluatemodel simu-
lated AGB at these sites. The second category is a series of regional simulations as summarized in Table 1.
The region of study is shown in Figure 2. The simulations were performed at 0.5° × 0.5° spatial resolution.
The model was first spun up for 1850 conditions, followed by historical transient simulations (1850–2010)
with historical atmospheric (CO2), N deposition (Lamarque et al., 2005), land use change (Hurtt, 2018),
and Global Soil Wetness Project 3 (GSWP3) climate forcing (Dirmeyer et al., 2006). To investigate the role
of P in affecting the responses of C fluxes to these forcing factors, two configurations of the model were used
in this study: the CN only implementation of the model (denoted CN, which was executed with the same
model code but assuming P saturation, for example, no P limitation on vegetation growth or decomposition)
and the CNP version. We ran a suite of simulations to examine the individual and combined effects of
changes in CO2, climate, land use, and N deposition (Table 1). To investigate how the P cycle might affect

Figure 2. Map showing the study region and the locations of forest plots.
The red dots represent the average of the measured aboveground biomass
from the forest plots averaged to 0.5‐degree grid cell. Darker color indicates
higher aboveground biomass. Lat, latitude; Lon, longitude.

Table 1
Summary of Model Experiments Performed in the Amazon Region

Experiment P coupling CO2 forcing LULCC Climate forcing N deposition

Hist_CN_CO2 off transient 1850 steady statea 1850
Hist_CNP_CO2 on transient 1850 steady statea 1850
Hist_CN_LUC off 1850 transient steady statea 1850
Hist_CNP_LUC on 1850 transient steady statea 1850
Hist_CN_climate off 1850 1850 transientb 1850
Hist_CNP_climate on 1850 1850 transientb 1850
Hist_CN_NDep off 1850 1850 steady statea transient
Hist_CNP_Ndep on 1850 1850 steady statea transient
Hist_CN_all off transient transient transientb transient
Hist_CNP_all on transient transient transientb transient
RCP45_CN_CO2 off RCP45 CO2 same as 2010 cycling of GSWP3 (1991–2010) same as 2010
RCP45_CNP_CO2 on RCP45 CO2 same as 2010 cycling of GSWP3 (1991–2010) same as 2010
RCP85_CN_CO2 off RCP85 CO2 same as 2010 cycling of GSWP3 (1991–2010) same as 2010
RCP85_CNP_CO2 on RCP85 CO2 same as 2010 cycling of GSWP3 (1991–2010) same as 2010

Abbreviations: GWSP, Global Soil Wetness Project; LULCC, land use and land cover change; N, nitrogen; P, phosphorus; RCP, Representative Concentration
Pathway.
aCycling of 20‐year time series of GSWP3 reanalysis product (1901–1920). bHistorical time series of GSWP3 reanalysis product (1901–2009).
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the CO2 fertilization effect in the future, we performed two sets of future simulations in which we used the
atmospheric CO2 concentrations fromRepresentative Concentration Pathway (RCP) 8.5 and RCP 4.5(http://
www.pik‐potsdam.de/~mmalte/rcps/). For these future simulations, we first ran the model using historical
atmospheric CO2 and climate forcing until 2009. Starting from 2010, we ran model simulations for 90 more
years with (1) prescribed atmospheric CO2 concentrations from RCP 8.5 and RCP 4.5 (2) repetitively cycling
the Global Soil Wetness Project 3 climate forcing data between 1991‐2010 (3) keeping land cover and N
deposition constant at 2010 values.

2.3. Field Observation Data

We used field observational data from permanent plots located throughout Amazonia, which were compiled
and analyzed by Johnson et al. (2016), for model evaluation. Most of the plots are part of the RAINFOR, with
additional data from TEAMnetworks (http://www.teamnetwork.org/) included. The AGB and aboveground
woody productivity (WP) data from 167 plots were included. These plots are all in undisturbed, old‐growth
forests with amean plot size of 1.09 ha. Themonitoring period is between 1995 and 2009; 76% of plot data are
from 2000 to 2008. All trees with a diameter at breast height >10 cm were included in the analysis. The AGB
values are based on the data fromMitchard et al. (2014). WP was calculated based on repeated census of tree
diameters within each plot with bias due to the census interval removed. Details about the observational
data can be found in Johnson et al. (2016). To facilitate the comparison with model simulations, we aggre-
gated the forest plot data into 0.5‐degree grid cells. In total, there are 67 grid cells that have between one
and nine plots in each grid cell (Figure 2).

3. Results
3.1. Model Evaluation Using Field Observations of AGB and WP

We compared simulated wood productivity with field observed WP from forest plots for model configura-
tions with and without P limitation. Field observations showed that WP tends to decrease from west to east
(Figure 3a). The simulated WP without P limitation shows little variation across the basin, while the simula-
tion with P limitation is able to reproduce the decreasing trend fromwest to east, with a more consistent spa-
tial variation compared to observations (Figure 3b and c). Mean simulated WP across all plots from CN
simulations is 3.75 Mg·ha−1·year−1. Mean simulated WP across all the plots from CNP simulations is 3.11
Mg·ha−1·year−1, close to the mean WP of 2.95 Mg·ha−1·yr−1 from forest plot measurements.

We also compared model simulated AGB with the field observed AGB. Field observations show a generally
increasing pattern from west to east (Figure 4a). With the default assumption of constant mortality rate,
model simulated AGB showed a decreasing trend from west to east, opposite to the pattern from field obser-
vations (Figure 4c). In contrast, the simulation with mortality rate based on soil order showed the consistent
spatial pattern of above ground biomass with the observations (Figure 4b). Mean simulated AGB of (174 ± 55
Mg·ha−1), however, is overestimated compared with the observed values (143 ± 53 Mg·ha−1).

Model simulations at these mature forest sites suggest that these mature tropical forests have acted as a sus-
tained C sink, but the magnitude of the sink has been decreasing (0.54‐Mg C ha−1·year−1 in 1980s, 0.5‐Mg C
ha−1·year−1 in 1990s, and 0.45‐Mg C ha−1·year−1 in 2000s), which is consistent with field observations
(Brienen et al., 2015). Phillips and Brienen (2017) showed that net gain in C in aboveground forest biomass
is 0.37‐Mg C ha−1·year−1 in the 1980s and 1990s and 0.24‐Mg C ha−1·year−1 in the 2000's.

3.2. Historical Simulation Results

Model simulations show that increasing CO2 leads to a sustained C sink (the increase in total ecosystem C)
in the Amazon region due to the CO2 fertilization effect, which results in accumulation of C in both vegeta-
tion and soils (Figure 5a, c, and e and Figure 7a and b). The accumulation of C induced by increasing CO2 is
smaller in CNP simulation because available P in soils is not sufficient to satisfy the increasing P demand
driven by increased productivity under elevated CO2. The difference between the CN and CNP simulations
becomes progressively greater between 1900 and 2010, suggesting P is becoming increasingly limiting
(Figure 5a, c, and e). Across the region, the CO2 fertilization effect is most pronounced in the forested area,
where productivity is higher (Figure 7a and b). The effect of P limitation on CO2‐induced C sink is spatially
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heterogeneous, and the effect is most significant in the central and eastern parts of the Amazon
basin (Figure 7c).

Model simulations show that LULCC is a significant C source in the Amazon region for both CN and CNP
simulations, which results in continual loss of C during 1900 and 2010, especially for vegetation C (Figure 5b,
d, and f). The loss of C is much greater in CN simulation because of increased C stock when P limitation is
not considered. In the CNP simulation, P limitation leads to reduced productivity, reduced vegetation C
stock, and therefore the less C loss with LULCC. C emissions associated with LULCC are highest along
the southeastern edge of the Amazon basin where deforestation is concentrated (Figure 7d and e). The influ-
ence of P availability on the LULCC C emission is also more pronounced in these areas (Figure 7f).

Our simulations show that although climate condition leads to large year‐to‐year variability in C fluxes, over
the long‐term effects of climate on C stocks are very small (Figure not shown). The effects of N deposition on
the C stocks is also minimal compared with the effects of CO2 and LULCC (Figure not shown).

The combined effects of CO2, climate, land‐use change, and N deposition generally lead to an increase of C
from 1900 to 2010 across the Amazon region in both CNP simulation and CN simulations (Figure 6). Most of
the C accumulation occurs in vegetation biomass (Figure 6a and b). The sink strength, however, is much
smaller in CNP simulations as the CO2 fertilization effect is constrained by soil P availability. The effect of
P on C fluxes is spatially heterogeneous across the study region. Consideration of P leads to smaller C sink
in most areas in the Amazon basin, especially the central and eastern part of the basin (Figure 7i). In these
regions, tropical forests become C neutral in CNP simulations, while acting as small sinks in the CN

Figure 3. Comparison of model simulated aboveground wood productivity with field observations. (a) field observations
(b) carbon‐nitrogen‐phosphorus (CNP) (c) carbon‐nitrogen (CN).
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simulations (Figure 7g and h). Near the southeastern edge of the basin where deforestation is concentrated,
consideration of P leads to a smaller source of C due to the reduced C stock associated with diminished
productivity caused by P limitation (Figure 7i).

3.3. Results With RCP4.5 and RCP8.5 CO2 Concentrations

CO2 fertilization leads to a sustained C sink under RCP8.5 and RCP4.5, but P limitation on productivity can
significantly reduce the C sink (Figure 8). By the end of the 21st century, Amazon ecosystems without P lim-
itation take up about 85‐Pg C under the “unmitigated business‐as‐usual” CO2 emissions scenario (RCP8.5)
and about 56‐Pg C under the “mitigated business‐as‐usual” CO2 emissions scenario (RCP4.5). However, as
CO2 concentration increases, the increased productivity leads to increasing demand for nutrients, especially
P in Amazon region. The supply of P, however, cannot keep up with the increasing P demand, which leads to
the reduction of C sink. Model simulations suggest that, by 2100, the Amazon ecosystem takes up about 52‐
Pg C under RCP8.5 and 28‐Pg C under RCP4.5, when P limitation is considered.

4. Discussion
4.1. Spatial Patterns of Productivity and Biomass

Results of this study suggest that soil edaphic factors must be considered in order to capture the observed
spatial pattern of productivity and biomass in the Amazon region. Consideration of soil P availability
improved model simulated productivity, enabling the model to capture the productivity gradient from

Figure 4. Comparison of model simulated aboveground biomass with field observations. (a) Field observations, (b) soil
order based mortality, and (c) constant mortality.
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west to east across the Amazon basin. Consideration of the effect of soil physical state and soil development
stages on tree mortality allows us to capture the spatial pattern of above ground biomass across the basin.
Model simulated C accumulation in undisturbed forests agrees with forest inventory observations
(Brienen et al., 2015; Phillips & Brienen, 2017). None of the four dynamic global vegetation models in
Castanho et al. (2016) were able to reproduce the observed west‐east gradient of productivity and biomass
across the basin, mostly likely due to the lack of consideration of P cycle impacts on the C cycle and the
lack of treatment of soil properties on vegetation C turnover. The only model that was able to capture the
spatial pattern of biomass and productivity was IBIS‐HP (Integrated Biosphere Simulator ‐ Heterogeneous
Parameterization), which implemented spatial varying plant traits parameterization based on observed
soil P availability and tree mortality rate (Castanho et al., 2013). Delbart et al. (2010) explored the idea of
relating mortality to productivity, which was developed based on forest plot data mostly in western
Amazon and a few east‐central plots (Malhi, 2012); this approach resulted in improved spatial variation of
biomass. (Johnson et al., 2016), however, found that with a broad range of sites, there is no correlation
between WP and mortality rate. As an alternative approach, mortality based on soil order is simple,
observation‐based, and results in the improved simulated spatial gradient of AGB.

The simulated total above ground biomass is 114‐Pg C for the study region, very close to the 108‐Pg C esti-
mated by (Baccini et al., 2012) for tropical America which used multisensor satellite data for the estimate of
AGB C for tropical ecosystems with unprecedented accuracy and spatial resolution. The improved estimate
of vegetation biomass distribution not only allows us to have an accurate understanding of C stocks but also
provides a more accurate basis for estimating C emissions due to deforestation.

4.2. Historical C Sources and Sinks

This study investigated the importance of increasing CO2 and LULCC as main drivers of the Amazon C
balance during historical time period and how the consideration of P cycling and P limitation affects the
C fluxes associated with these drivers. Our factorial analysis suggests that the sustained C sink in these

Figure 5. Simulated change in land carbon storage in response to historical increase in CO2 (a, c, and e) and land use and land cover change (1900–2009; b, d, and f):
vegetation carbon(a and b), soil carbon(c and d), and total ecosystem carbon(e and f) based on CNP and CN. Unit: Pg C. CN, carbon‐nitrogen; CNP, carbon‐
nitrogen‐phosphorus.
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undisturbed forests is mainly caused by the CO2 fertilization effect. The
accumulated CO2 fertilization effect between 1850 and 2010 is 58.79‐Pg
C for CN simulations and 40.39‐Pg C for CNP simulations, suggesting a
31% reduction of CO2 fertilization effect because of P limitation. This is
slightly higher than the 25% reduction from Yang et al. (2016). Smith
et al. (2016) compared the estimated fertilization effect derived from
satellite‐based NPP with the ESM‐derived estimate and found that
satellite‐derived estimate is less than half of the estimate based on
Earth System Models (ESMs). They further suggested that the large diver-
gence between these two is potentially due to a lack of representation of
nutrient constraints, which is consistent with the findings of this study.
LULCC has been a substantial source of C to the atmosphere, with the
magnitude of emissions comparable to the CO2 fertilization effect. In
the CN simulation, land‐use changes led to 37.85 Pg of C released to
the atmosphere between 1850–2000. CNP simulations estimated the C
loss of 26.63‐Pg C during 1850–2000, with the difference mainly due to
less biomass when there is diminished productivity associated with P lim-
itation. The results indicate that better estimates of C stocks are crucial to
improving the estimates of C fluxes associated with human disturbances
such as land cover and land use, and improving the representation of
nutrient dynamics and nutrient constraint on productivity is essential
to achieve this.

Although in the long‐term sources and sinks of C are dominated by the
CO2 fertilization effect and deforestation, model simulations show that
there is a significant interannual variability in C fluxes in the
Amazon region, mainly driven by climate variability. The Amazon
region acts as a C sink in wet years while becoming a source of C dur-
ing drought. For example, model results suggest that the Amazon basin
was a C sink during 2000–2010. In 2005 and 2010 when the Amazon
experienced significant drought associated with El Nino, it became a
big source of C, releasing 0.13‐Pg C in 2005 and 0.37‐Pg C in 2010.
These results are consistent with the findings from field plots and satel-
lite studies showing that intact tropical forests become a source of C in
unusually hot and dry years (Brienen et al., 2015; Liu et al., 2017;
Phillips et al., 2009).

4.3. Future C Sink and P Limitation

Our simulations suggest that including P limitation is critical for projecting future C uptake in tropical eco-
systems. Without considering P limitation, we would overestimate the ability of tropical forests to assimilate
atmospheric CO2. Our findings are consistent with previous studies that evaluated how simulated CO2 fer-
tilization effects among Coupled Model Intercomparison Project phase 5 (CMIP5) models could be con-
strained by N and P availability (Sun et al., 2017; Wieder et al., 2015), but here, we provide a quantitative
estimate of the extent of P limitation through explicit modeling of P cycle dynamics and CNP interactions.
Our findings are also consistent with other theoretical studies that suggest the potential for P limitation to
ultimately constrain terrestrial C storage in tropical ecosystems (Peñuelas et al., 2013; Vitousek et al.,
2010), and supported by indirect evidence from a meta‐analysis of C‐nutrient‐climate relationships in low-
land tropical forests (Cleveland et al., 2011). It is worth mentioning that since few nutrient manipulation
experiments have been conducted in the Amazon, the direct evidence for P limitation in Amazon lowland
tropical forests is limited. Experimental studies on lowland tropical forests elsewhere in the neotropics pro-
vide mixed evidence. Fertilization experiments in Panama tropical forests found an increase in litterfall with
P addition but also show strong response to N and potassium addition (Wright et al., 2011). It has also been
found that P limitation is pervasive at the species level but not at the community level across a steep natural
P gradient in Panama tropical forests (Alvarez‐Clare et al., 2013; Condit et al., 2013; Turner et al., 2018).
Wright et al. (2018) found that plant responses to P addition are not stronger than to N addition, but they

Figure 6. Simulated change in land carbon storage in response to historical
increase in CO2, land use and land cover change, climate, and N deposition
(1900–2009): vegetation carbon(a), soil carbon(b), and total ecosystem
carbon(c) based on CNP and CN. Unit: Pg C. CN, carbon‐nitrogen;
CNP, carbon‐nitrogen‐phosphorus; N, nitrogen.
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also pointed out their findings are not conclusive because of small numbers of experiments, insufficient
statistical power, and especially the short duration of the experiments. We advocate more long‐term
nutrient manipulation experiments in the Amazon tropical forests to help us better understand the
importance of P limitation in lowland tropical forests.

Although ELM‐v1 considers all major P cycle processes, including mechanisms that can relieve P limita-
tion with increasing P demand under elevated CO2 (e.g., phosphatase activity), there are still large
uncertainties in the availability and dynamics of soil P. For example, it has been suggested occluded
P can become available to plants through mycorrhizal associations (Richter et al., 2006). The active role
of plant in P acquisition through root exudation, changing allocation, and flexible stoichiometry are also
not included in these simulations, which could help alleviate P limitation under elevated CO2 (Buendía
et al., 2014). Further studies are needed to help understand and quantify the relative roles of different P
acquisition strategies. We are also not considering the accelerated mineralization of soil P from warming
in these RCP simulations, which may help relieve P limitation to some extent under elevated CO2

(Wood et al., 2012). However, the effects may be limited as mineralized P would be rapidly sorbed

Figure 7. Map of carbon fluxes associated with increasing CO2 (a–c), land cover and land‐use change (d–f), and all environmental factors (g–i) between 2000–2009.
The first column (a, d, and g) is for CNP configurations, the second column (b, e, and h) is for CN configurations, and the third column is for CNP minus CN.
Hot colors indicate release of carbon from ecosystems and cold colors indicate carbon uptake by ecosystems. Unit: gC m−2 year−1. CN, carbon‐nitrogen;
CNP, carbon‐nitrogen‐phosphorus.
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onto clay‐rich minerals in tropical soils, and large effects may be unli-
kely over the long‐term as labile soil organic pools become rapidly
depleted (Wieder et al., 2015).

5. Conclusions

In this study, we show that the implementation of P cycle and P limitation
in the ELM v1 improves the simulated spatial pattern of wood productiv-
ity. The P‐enabled ELM‐v1 is able to capture the west‐to‐east gradient of
productivity, consistent with field observations. We also show that by
improving the representation of mortality processes, ELMv1 is able to
reproduce the observed spatial pattern of above ground biomass. Our
model simulations show that the consideration of P availability lead to a
smaller C sink associated with CO2 fertilization, and lower C emissions
due to LULCC. Simulations under future CO2 scenarios suggest that P
limitation is critical for projecting future C uptake in tropical ecosystems.
Our results have important implications for projections of future C
balance in the Amazon region. Recent climate models suggested that
the Amazon C sink is resilient (Cox et al., 2013; Huntingford et al.,

2013; Rammig et al., 2010) mainly due to the CO2 fertilization effect. However, these studies have not con-
sidered the constraint of P availability on CO2 fertilization. If P limitation is considered, the projected C sink
would become much smaller. Furthermore, climate change will likely lead to increasing temperature and
drought condition, which will further increase soil and plant respiration rate and lead to loss of C from
the ecosystems. Combined with the possible decrease of the area of intact tropical forests that act currently
as C sink, the Amazon region may become a source of C in the future.

We have identified some data needs that will help improve model representation, enable model testing, and
improve predictions. For example, it would be helpful to expand the plot network for field data to provide
better benchmarks for model testing. The recent development of a large database of NPP and biomass across
tropical forests sites in Central and South America, Asia and Australasia will be useful for further model eva-
luation and development (Taylor et al., 2019). We need field experiments that manipulate environmental
factors such as CO2, precipitation, and temperature to help us improve our understanding of how tropical
forests would respond to future CO2 and climate (Norby et al., 2016; Reed et al., 2015). In particular, we need
to better understand how P cycle might respond to changes in environmental conditions and how that might
affect tropical ecosystem responses. As we learned from this study, P cycling and limitation have great
impacts on the sources and sinks of C in the Amazon region.
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