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Biospheric feedback e�ects in a synchronously
coupled model of human and Earth systems
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Fossil fuel combustion and land-use change are the two largest
contributors to industrial-era increases in atmospheric CO2
concentration1. Projections of these are thus fundamental
inputs for coupled Earth system models (ESMs) used to
estimate the physical and biological consequences of future
climate system forcing2,3. While historical data sets are
available to inform past and current climate analyses4,5,
assessments of future climate change have relied on projec-
tions of energy and land use from energy–economic models,
constrained by assumptions about future policy, land-use
patterns and socio-economic development trajectories6. Here
we show that the climatic impacts on land ecosystems drive
significant feedbacks in energy, agriculture, land use and
carbon cycle projections for the twenty-first century. We
find that exposure of human-appropriated land ecosystem
productivity to biospheric change results in reductions of land
area used for crops; increases in managed forest area and
carbon stocks; decreases in global crop prices; and reduction
in fossil fuel emissions for a low–mid-range forcing scenario7.
The feedbacksbetweenclimate-inducedbiospheric changeand
human system forcings to the climate system—demonstrated
here—arehandled inconsistently, or excludedaltogether, in the
one-way asynchronous coupling of energy–economicmodels to
ESMs used to date1,8,9.

Current projections of future climate are based on ESMs that
include sophisticated representations of biotic and abiotic processes
in the Earth system, but which represent human systems through
static, unidirectional, asynchronous coupling10 (black arrows in
Fig. 1a). We explore here the difference between asynchronous
coupling, in which human system models are executed in advance
to generate complete time series outputs later passed to an ESM,
and synchronous coupling, in which the human system model and
ESM are executed simultaneously, with opportunity for interaction
between these two components that can change the simulation
trajectory of both. In the traditional asynchronous approach, human
system information required as forcing for climate prediction is
generated in advance by economic integrated assessment models
(IAMs) that include both energy and agricultural sectors. As
summarized in the Fifth Assessment Report (AR5) of the Intergov-
ernmental Panel on Climate Change, several IAMs have been used
to generate standard climate forcing inputs to ESMs covering a
range of policy assumptions from aggressive mitigation to business-
as-usual1,11. These inputs include harmonized forcings sharing a

common historical baseline and a common set of definitions and
analyses for twenty-first century long-lived12 and short-lived13

greenhouse gas (GHG) emissions and land-use change5.
IAM projections of future GHG and air pollutant emissions

and land-use and land-cover change (LULCC) are constrained by
assumptions regarding humandemography, economic development
trajectories, and policy. Estimates of ecosystem productivity and
crop yields (including biomass energy crops for some scenarios)
are based on historical data. These estimates change over time,
following assumptions about the influence of technological change
on yield and endogenous estimates of crop location and area
(Fig. 1a). IAMs do not typically consider the influence of future
biospheric change, defined here as the integrated effects of
climatic, ecological and biogeochemical processes, although recent
work has evaluated the economic and carbon stock impacts
of changing temperature, precipitation and atmospheric carbon
dioxide concentration (CO2,atm) in crop and land-use models14,15.

The use of asynchronous coupling in climate projections for
AR5 excludes the influence of multiple biospheric factors known to
influence managed ecosystems, including short-term weather vari-
ation16, long-term climate trends17, changes in CO2,atm (refs 18,19),
changes in atmospheric deposition of reactive nitrogen on land20,
and the complex interactions among these factors21,22. One IAM
used inAR5, the IMAGEmodel, does have the capability to examine
the dynamic influence of climate change factors on ecosystem pro-
ductivity using its own internal, reduced-form climate model23, but
its scenarios for use by ESMs are still based on one-way coupling and
result in inconsistent representation of biospheric change between
the IAM and ESM. Two-way coupling of IMAGE to a general
circulation model was used to examine changes in land use24, but
the feedback in that case was limited by passing only 30-year mean
monthly temperature and precipitation changes from the general
circulation model to IMAGE. In that study, simulation of carbon
cycle and ecosystem processes was performed within IMAGE, a
simple and highly parameterized land model that ignores the tight
integration of biophysical and biogeochemical processes, driven
by subdaily variations in temperature, precipitation, humidity, and
short- and long-wave radiation. Mechanistic coupling of biological
and physical processes at the land surface/atmosphere interface is a
defining feature of the current generation of ESMs1.

Here we investigate the influence of biospheric change on human
systems and associated feedbacks to the biosphere as introduced in a
synchronous two-way coupling approach. We accomplish two-way
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Figure 1 | Interactions between human and Earth systems using one-way (black) and two-way (black and red) coupling. a, Technological change factors
for crop yield are included in the generation of IAMs used for AR5, but biospheric change factors are not. Demographic constraints and policy assumptions
are necessary IAM inputs, with important influence on projected crop price, GHG emissions and LULCC. Ecosystem productivity, including crop yield, has
been considered as a static input to IAMs in AR5. Red arrows indicate the new feedback connections in our study, passing biospheric change information
from the ESM back to the IAM through its influence on ecosystem productivity and crop yield. b, For AR5, connections across the dotted line are
asynchronous and one-way (from IAM to ESM). Synchronous two-way coupling described here is accomplished by passing biospheric information, as
filtered by the ESM land model component, to the IAM on a 5-year time step (red arrows, pathway labelled 1). This new information drives LULCC changes
that are passed back to the land system (pathway labelled 2), resulting in a coupled feedback (green arrow). T, P, q and rad indicate temperature,
precipitation, humidity and radiation components of physical climate.

coupling by passing biospheric change information from an ESM
to the ecosystem productivity and crop yield components of an
IAM at five-year intervals, as radiatively forced climate change
unfolds over the course of a 90-year simulation (2005–2094). We
examine the consequences of realistic two-way feedback between
the human and Earth system components for crop price, fossil fuel
emissions, LULCC, and transfers of carbon between land, ocean
and atmosphere (Fig. 1b). The IAM component used here is the
Global Change Assessment Model (GCAM 3.0)25 and the ESM is
the Community Earth System Model (CESM 1.1; ref. 26). We refer
to the two-way coupled system as the integrated Earth systemmodel
(iESM; ref. 27). Our investigation uses the same demographic and
policy assumptions as the 4.5Wm−2 radiative forcing reference
concentration pathway (RCP4.5) scenario of AR5 (ref. 7), whichwas
originally generated by GCAM. The passing of LULCC signals from
IAM to ESM is based on the land-use harmonization approach used
in AR5 (ref. 5), with modifications to improve signal integrity8. To
help assess the generality of our results, we also performed a pair of
simulation experiments based on the AR5 RCP 8.5 scenario.

Coupling from ESM to IAM is accomplished by passing an
integrated biospheric change signal to each of the IAM spatial
units and land types at five-year intervals. This signal is based on
departures from a present-day baseline (average over period 2000–
2004) of net primary production and heterotrophic respiration
generated by the ESM landmodel component, which includes a fully
prognostic treatment of energy, water, carbon and nitrogen cycles
for multiple vegetation types in each ESM land grid cell. This signal
captures the desired change factors with minimal bias and a linear
response, while minimizing signal interference from LULCC28.

The global average of the productivity and yield component of
this signal is similar inmagnitude and time course among themajor
vegetated land types, increasing by about 10% by 2094 (Fig. 2),
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Figure 2 | Integrated biospheric change for the twenty-first century, as
communicated from ESM to IAM. The scalar used to inform ecosystem
productivity and crop yield changes in the IAM includes a vegetation
component (shown here) based on change in net primary production
relative to conditions in 1990 and a below-ground component based on
changes in net primary production and heterotrophic respiration
(Supplementary Fig. 1). Category ‘Other’ includes urban, lake, land ice and
bare ground. The signal communicated to the IAM is specific to each
agro-ecological zone and to vegetation types within zones, with the plot
showing an area-weighted global mean signal. For each aggregated land
type the solid coloured line shows the mean of two ensemble simulations,
while the shaded region of matching colour shows the range of values from
the two ensemble members.
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Figure 3 | Changes in crop price and land-use area resulting from biospheric feedback. a, Percentage change in global average crop price, relative to the
asynchronous one-way coupling (control) simulation, for each major crop type. b, Global total change in land cover summarized by major
land-use/land-cover types, relative to the asynchronous one-way coupling simulation. For each aggregated crop type or land-cover type the solid coloured
line shows the mean of two ensemble simulations, while the shaded region of matching colour shows the range of values from the two ensemble members.

with regional variation reflecting patterns of changed ecosystem
productivity in the ESM (Supplementary Fig. 2). In CESM, land
productivity tends to increase under climate change scenarios,
driven primarily by increasing atmospheric CO2 concentration
and anthropogenic nitrogen deposition associated with fossil fuel
combustion, overlain with spatially and temporally varying effects
due to increasing temperature and changing precipitation patterns.
Even though CESM, with its inclusion of carbon–nitrogen cycle
coupling, generates one of the lowest CO2 fertilization effects in
the CMIP5 collection of ESMs, the CO2 fertilization effect still
dominates the varying climate feedbacks to produce global-scale
patterns of increasing land productivity under all tested scenarios1.
Nothing we have added to the iESM system alters these ESM-centric
aspects of the ecosystem–climate feedbacks, and the increasing
productivity obtained in our iESM experiments is qualitatively
and quantitatively consistent with the well-characterized behaviour
of CESM in this regard. The unique aspect of our study is that
this increased productivity is communicated synchronously to the
human system component to influence LULCC (and other energy–
economic factors such as crop price and fossil fuel emissions).
Our estimate of 10% increase in ecosystem productivity and crop
yield over present-day is consistent with estimates from free-air
CO2 enrichment (FACE) studies for crop yield18. CO2,atm prognosed
in the ESM rises to approximately 590 parts per million by
volume by 2094 in the two-way coupled simulation (Supplementary
Fig. 3), similar to the enriched levels typical of FACE experiments,
although a direct comparison of model and experimental results
in this case suffers from differences in the timescale of changed
forcing and the integration in our simulations of additional factors
such as changing climate and changing rates of nutrient inputs
and mineralization. Our finding of increased productivity under
future climate change contrasts with recent results reported for a
comparison of agricultural models, but that study excluded the
possibility of CO2 fertilization14. Other recent work has stressed
the importance of modelled nutrient dynamics in estimating CO2
fertilization for global cropland22, a factor included in our ESM.

We quantify the influence of coupling approaches by differencing
two simulations, one with two-way synchronous coupling and the
other with traditional one-way asynchronous coupling. A common
trajectory for fossil fuel emissions is used in both simulations
(discussed below).Global crop prices increase through 2080 for both
coupling approaches under RCP4.5, driven by a mitigation policy
that applies a cost to carbon emissions25 (Supplementary Fig. 4),
but the increase in price is 12–25% smaller in the synchronously
coupled system (Fig. 3a), with similar magnitude and trajectory

for major crop types. The decline in prices under the experimental
simulation is due to higher productivity (Supplementary Fig. 5) that
reduces cropland requirements and lessens competition for land.
Higher productivity with biospheric feedback drives a 10% decrease
in total global crop area, as the same amount of food and feed can be
produced on smaller amounts of land. The decrease in total global
crop area is accompanied by an increase in area of non-commercial
forest (Fig. 3b).

These changes drive carbon cycle responses in the land model
component of the ESM, resulting in altered CO2,atm. Atmospheric
change drives additional response in the ocean carbon cycle through
physical and biological feedbacks with CO2,atm (Fig. 1b, pathways
labelled 3, 4 and 5). Specifically, land ecosystems accumulate
5–10 Pg of additional carbon with two-way coupling, driving a
decrease in CO2,atm that in turn reduces the amount of carbon
transferred from the atmosphere to the ocean by∼3 Pg C (Fig. 4).
Variability in this feedback flux on interannual to decadal timescales
is suggested by the two ensemble members, superimposed on a
coupling signal with peak increase in land carbon storage around
2060. This peak and subsequent decline corresponds in time with a
reduced rate of increase in non-commercial forest area (Fig. 3b). An
important caveat for our study is that the ESM component of our
coupled system does not include a detailed crop model, and treats
crops as grassland types.

Increases in ecosystem productivity and crop yield, combined
with decreases in the global land area required for food, feed
and fibre crops, drive increases in bioenergy potential and
corresponding decreases in the price of bioenergy. The decline in
bioenergy cost results in an increase in demand, an increase in land
area dedicated to biomass energy production (Fig. 3b), and a decline
in the demand of other energy carriers (for example, gas and coal).
The decrease in carbon-intensive energy production leads to a 17%
reduction in projected fossil fuel emissions by the end of the twenty-
first century (Supplementary Fig. 6). The changes in global carbon
stocks shown in Fig. 4 do not reflect the lower fossil fuel emissions
generated by the biospheric feedback, as we held these emissions
constant for the two simulations to provide the least complicated
feedback demonstration. We expect that a more complete coupling,
in which the updated fossil fuel emissions are passed to the ESM,
would result in lower atmospheric concentrations, less land carbon
storage via CO2 fertilization in the ESM landmodel, and a decreased
rate of ocean carbon uptake.

We obtain qualitatively similar results when comparing
asynchronous one-way coupling and synchronous two-way
coupling under a higher radiative forcing scenario (RCP 8.5).
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Figure 4 | Change in global carbon stocks caused by biospheric feedback
to human systems. Di�erence in total carbon stocks on land (Lnd), in the
atmosphere (Atm), and in the oceans (Ocn), between two-way and
one-way coupling simulations, as predicted within the ESM component of
the coupled system. The solid coloured line shows the mean of two
ensemble members, while the shaded region of matching colour shows the
range of values from the two ensemble members.

Biospheric change caused increases in crop yield of 15–22%
for RCP 8.5, compared with 11–17% increase for RCP 4.5
(Supplementary Fig. 7). Two-way coupling causes a decrease in
crop prices of 6–17% for RCP 8.5, compared with 12–25% decrease
for RCP 4.5. Changes in yield and price drive shifts in LULCC
that are larger for RCP 8.5 than for RCP 4.5, while acting through
similar mechanisms. The land ecosystem accumulates an additional
5–10 PgC due to two-way coupling by the final decades of RCP 8.5,
comparable to the additional accumulation for RCP 4.5.

We conclude that biospheric feedbacks to human systems can
significantly alter primary anthropogenic climate forcing by driving
changes in land use and energy activities that propagate to changes
in land, atmosphere and ocean carbon stocks as well as changes
in fossil fuel emissions trajectories: truly comprehensive climate
change assessment efforts must therefore consider these feedbacks.
The approach demonstrated here removes a major inconsistency in
the practice of coupled Earth systemmodelling as identified in AR5
(ref. 1), thereby improving the policy relevance of climate and Earth
system model projections29,30. Our study does not seek to provide a
comprehensive assessment of uncertainty associated with a particu-
lar scenario. Indeed, a synchronously coupled system that includes
an ESM component can never replace the traditional use of stand-
alone IAMs as tools for deep exploration of uncertainty. Instead, we
argue that the synchronously coupled system is a new tool that al-
lows us to explore a previously dark region of the uncertainty space:
each time an ESM is run without synchronous coupling we miss an
opportunity to better understand and quantify this uncertainty.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Technical description of the two-way coupled system. A complete technical
description for our two-way coupling framework (iESM) is published27, including
the model formulation, requirements, implementation, testing and functionality.

Experimental design. Our simulation experiments are initiated with radiative
forcing conditions estimated circa AD 1850. The 1850 initial conditions for the ESM
component (land, atmosphere, ocean and sea-ice state variables) are drawn from a
long pre-industrial control simulation (PC), in which the carbon cycle on land and
in the atmosphere and oceans is fully prognostic. This PC simulation is over
1,000 years long, with predicted atmospheric CO2 concentration varying between
281 and 287 ppm. Experimental simulations used in this study were performed for
two time segments: a historical transient (HT) segment covering the period
1850–2004, and a future scenario (FS) segment covering the period 2005 to 2094.

During HT segments only the ESM (in our case the Community Earth System
Model, CESM) is active. Model inputs during HT segments, including fossil fuel
emissions and land-use and land-cover change (LULCC)5 are identical to those used
for historical simulations in the Climate Model Intercomparison Project (CMIP5).

Both ESM and IAM components are active for FS segments. We performed two
types of simulation in FS segments, differing only in the coupling method between
ESM and IAM. One method used asynchronous one-way coupling (A1), in which
the IAM is run in stand-alone mode for the entire segment, followed by a
stand-alone run of the ESM that receives LULCC and emissions information saved
from the IAM simulation. This is the traditional coupling approach used for all
CMIP5 future scenario simulations, and represented by the black arrows in Fig. 1
(main text). The second method used synchronous two-way coupling (S2) between
the IAM and ESM, corresponding to the black and red arrows in Fig. 1 (main text).
The S2 coupling method is implemented exactly as described in the iESM technical
description27, except that our study used a 5-year coupling time step between IAM
and ESM instead of the 15-year time step described previously.

To ensure that the S2 coupling influence is restricted only to the passing of
climate change information into the crop yield and carbon stock calculations of the
IAM, we use identical anthropogenic fossil fuel and industrial emissions and other
externally imposed radiative forcing agents as input to all FS segments. The inputs
used were those generated by the GCAMmodel for the Reference Concentration
Pathway (RCP) 4.5 as used in CMIP5 (ref. 6). To further constrain the two-way
coupled experiment, we used the GCAM carbon price pathway generated in
stand-alone mode (A1 type coupling) as a specified carbon price pathway for all FS
segments. This allows us to interpret any differences between S2 and A1 coupling
methods as arising from the direct influence of climate change on crop yields and
carbon stocks in GCAM and the subsequent influence of those changes on
land-use and land-cover change predictions, without needing to consider potential
interactions with changing carbon price paths.

Our general approach to quantifying the influence of S2 versus A1 coupling is
to examine the difference between two FS simulation segments, one generated
using the A1 approach (FS_A1) and another generated using the S2 approach
(FS_S2). We refer to the difference between two such FS segments as our
experimental result (ER= FS_S2 – FS_A1).

Each ER includes spatio-temporal variation generated by the difference in
coupling methods and additional spatio-temporal variation generated by different
realizations of the internal variability in the ESM. By generating multiple ensemble
members of ER, we can evaluate the relative contributions of forced variation (the
signal of interest in our analysis) and internal variation.

For this study we generated two ER ensemble members by initiating two
separate HT segments from different time points, ten years apart, in the PC
simulation (HTa and HTb). We then generated two FS segments starting from the
endpoint of HTa, one using A1 coupling (FSa_A1) and the other using S2 coupling
(FSa_S2). We generated a third FS segment from the endpoint of HTb, using
S2 coupling (FSb_S2). The two ER ensemble members were then generated as
ER1= FSa_S2–FSa_A1, and ER2= FSb_S2–FSa_A1.

Crop yields and bioenergy production in our coupled system are calculated in
the IAM component. Crop yields in GCAM are calibrated against global crop data
for years 1990 and 2005 (refs 31,32). As the S2 segments progress these yields are
modified by climate change information passed back from the ESM. Evaluation of
predicted yield by region and crop for years outside the calibration period shows
reasonable model performance for present-day conditions (Supplementary Fig. 8).

The influences of spatially and temporally evolving climate change factors on
crop yields and bioenergy production are estimated within the ESM component of
our coupled system and passed as scalars (multipliers) applied to yields in the IAM
component. This coupling arrangement is outlined in Fig. 1 (main text) and
described in detail in the iESM technical documentation27. The ESM serves as an
integrator of multiple climate change factors, but it is also of interest to isolate and
assess contributions from individual factors. Given the uncertain magnitude of
CO2 fertilization effects on crop yields18, it is of special interest to examine this
factor in isolation and compare to experimental estimates as possible.

Our study concludes that synchronous two-way coupling generates significant
changes in crop yields that propagate to influence crop prices, land-use patterns,

energy production and fossil fuel emissions. Since these diagnosed changes are due
to overall increases in crop yield and bioenergy production, it is possible that an
overestimation of the CO2 fertilization effect in crops by the ESM could lead to an
overstatement of the significance of two-way coupling effects. As pointed out in the
main text, our ESM component is one of a small number of such models that
include the limiting influence of mineral nutrient availability on land ecosystem
processes. Coupling between the model representations of carbon and nutrient
(nitrogen) cycles is directly responsible for a significant reduction in the CO2

fertilization effect predicted at a given CO2 concentration when compared with the
same model with nutrient limitation switched off33, and when compared with other
models that lack nutrient limitation10. We can assert on this basis that of all the
existing ESMs that might be evaluated in a two-way coupling context, CESM is
among the two or three least likely to generate this type of overstatement of
coupling effects due to high bias in CO2 fertilization.

Even though CESM has a CO2 fertilization effect 2.5 times smaller than the
mean of the non-nutrient-limited models10, it is still possible that it overestimates
the influence of CO2 fertilization on crop yield compared with free-air
concentration enrichment (FACE) experiments as summarized for example in
ref. 18. To help further quantify this analysis, we refer to previously published
results from a series of single-factor experiments28 that included the influence of
historical changes in CO2 concentration as one of the isolated factors. These results
are based on simulations with CESM in which the land component is forced with a
multi-year repeating cycle of surface weather data, while other factors such as CO2

concentration, nitrogen deposition or land use are allowed to vary (one at a time)
according to their observed historical trajectories over the years 1850–2010.

In those simulations a gradual rise in CO2 concentration of 110 ppmv (from
280 ppmv in year 1850 to 390 ppmv in year 2010) produced a∼7% increase in
gross primary production (photosynthesis) and in net primary production (NPP, or
vegetation growth). That simulation result is not directly comparable to the FACE
experimental regime, since the model result is based on a gradual increase in CO2

while the FACE experiments involve a step change. Also, the FACE experiments
started from modern CO2 concentrations and increased concentration by about
200 ppmv, arriving at values around 550 ppmv. Chamber studies suggest that crop
yield responses to CO2 concentrations between 380 and 600 ppmv are
approximately linear, and our offline model results are linear over the range 280 to
390 ppmv. It is reasonable to estimate, on the basis of simple linear scaling, that the
∼7% increase in NPP for the increase in atmospheric CO2 from 280 to 390 ppmv
would correspond to an increase in NPP of 12% for an increase in CO2 similar to
the FACE experiments. We are not able to quantify the potential influence of
gradual versus step change in CO2 concentration from the available results.

Since NPP from CESM is passed to the IAM in our synchronously coupled
system as a scalar (multiplier) on crop yields, a useful comparison with FACE
results is from a synthesis for CO2 enrichment effects on crop yields18, which
summarized the FACE results for rice, wheat and soybean yields as 12%, 13% and
14% increase, respectively. The major difference between our model results and the
FACE crop synthesis18 is for C4 crops. CESM includes a C4 grass type, and although
the underlying physiology model does not predict a significant response to CO2

fertilization in this type through an influence on leaf-scale photosynthetic rate,
effects of CO2 concentration on stomatal conductance are included for C4 types,
and NPP increases for C4 types in the single-factor experiment are similar to
increases for C3 types due to indirect effects on soil water status. This is in contrast
to the FACE synthesis, which found no effect of enriched CO2 concentration on C4

crop yield (based on one year of data from one study).
In follow-on work, we are improving the representation of multiple crop types

directly within the ESM component, so that information can be passed with less
aggregation between the ESM and IAM components in future coupling simulations.

We include a single pair of simulation experiments for the RCP8.5 scenario, as a
preliminary test of the generality of our RCP4.5 results. The RCP8.5 simulations
start from the same HT endpoint as described above for RCP4.5, and follow a
common simulation protocol. Only one A1 and one S2 simulation was performed
for RCP8.5, so the results described in the main text and illustrated in
Supplementary Fig. 8 reflect only a single ensemble member.

Data availability. The complete iESM source code used to generate results for this
study is available online at https://github.com/ACME-Climate. All model input data
used in the simulations for this study, and all model output data used to generate
the results reported here, are available by request from the corresponding author.
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