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Abstract

The terrestrial biosphere is an important global carbon (C) sink, with the potential to drive large positive climate feedbacks. Thus a better
understanding of interactions between land use change, climate change and the terrestrial biosphere is crucial in planning future land
management options. Climate change has the potential to alter terrestrial C storage since changes in temperature, precipitation and carbon
dioxide (CO,) concentrations could affect net primary production (NPP), C inputs to soil, and soil C decomposition rates. Climate change
could also act as a driver for land use change, thus further altering terrestrial C fluxes. The net balance of these different effects varies
considerably between regions and hence the case studies presented in this paper (the GEFSOC project countries Kenya, Jordan, Brazil, and
India) provide a unique opportunity to study climate impacts on terrestrial C storage. This paper first presents predicted changes in climate for
the four case study countries from a coupled climate-C cycle Global Circulation Model (HadCM3LC), followed by predicted changes in
vegetation type, NPP and soil C storage. These very coarse assessments provide an initial estimate of large-scale effects. A more detailed study
of climate impacts on soil C storage in the Brazilian Amazon is provided as an example application of the GEFSOC system. Interestingly in
the four cases studied here precipitation seems to control the sign of the soil C changes under climate change with wetter conditions resulting
in higher soil C stocks and drier conditions in lower soil C stocks, presumably because increased NPP in wetter conditions here will override
any increase in respiration. In contrast, globally, it seems to be temperature that controls changes in C stocks under climate change. Even if
there is a slight increase in precipitation globally, a decrease in C stocks is predicted—in other words, the regional response to precipitation
differs from the global response. The reason for this may be that whilst temperature increases under climate change were predicted
everywhere, the nature of precipitation changes varies greatly between regions.
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1. Introduction

The GEFSOC project (Milne et al., 2007—Global
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System, a generically applicable, spatially explicit system
for estimating soil organic C (SOC) stocks and changes at
the national and sub national scale. The system incorporates
the RothC and Century soil C models and the empirical
IPCC soil C method and was developed using data from four
contrasting eco regions: the Brazilian Amazon, Jordan,
Kenya and the Indian part of the Indo Gangetic Plains
(Easter et al., 2007). However, the analyses performed with
the GEFSOC system to date have focussed on land use
change impacts, and have not yet included analysis of
climate change impacts on soil C storage.

Climate change could alter terrestrial C storage as
changes in temperature, precipitation and atmospheric CO,
concentration could affect net primary production (NPP), C
inputs to soil and soil C decomposition rates. Climate
change could also act as a driver for land use change, thus
further altering terrestrial C fluxes. Due to of the large size of
terrestrial C pools, they have considerable potential to drive
large positive climate feedbacks because increased CO,
concentrations in the atmosphere will enhance climate
change (Cox et al., 2000; Friedlingstein et al., 2001, 2003,
2006; Jones et al., 2003). Therefore, a better understanding
of the interactions between land use change, climate change
and the terrestrial biosphere is crucial in planning future land
management options.

Cox et al. (2000) and Jones et al. (2003) presented
global scale assessments of climate-C cycle feedbacks
using a coupled climate-C cycle Global Circulation Model
(GCM), HadCM3LC. In these studies, increased soil
respiration due to rising temperatures during the 21st
century exceeded enhanced biospheric C uptake due to
elevated atmospheric CO, levels. Hence the rate of
increase in atmospheric CO, and thus the rate of climate
change were accelerated. Decreases in soil C stocks were
predicted across most of the globe, even in areas where C
inputs to soil from vegetation had increased (Jones et al.,
2003), although the C stock had increased during the 20th
century. Drying of the Amazon Basin as a result of climate
change resulted in a dieback of the Amazon forest and a
strong reduction in the C input to soil also resulting in soil
C losses in this region, with the Amazon dieback
accounting for around 11% of the global climate-driven
C losses (Cox et al., 2004). Biogeophysical effects of the
forest dieback are also important locally, acting to further
reduce rainfall (Betts et al., 2004). Jones et al. (2005)
compared global changes in soil C feedbacks predicted by
HadCM3LC and RothC driven by HadCM3LC forcing
data, concluding that there were strong similarities
between the behaviour of the two soil C models although
RothC tended to simulate slightly smaller changes in
global soil C stocks for the same forcing.

The aim of this paper is to analyse the impacts of climate
change on C storage (in vegetation and SOC (excluding soil
inorganic C)) in the GEFSOC case study countries using
two different SOC models and to assess (a) how the global
scale approach of Jones et al. (2005) might be applied in the

context of the GEFSOC project and (b) developments
needed for future work. This paper first presents predicted
changes in climate for the four case study countries from a
coupled climate-C cycle Global Circulation Model (GCM),
HadCM3LC, followed by predicted changes in vegetation
type, vegetation C storage and soil C storage. Soil C storage
estimates were provided both by the original single-pool
soil C model of HadCM3LC, and from the RothC model
driven by HadCM3LC input data as in Jones et al. (2005).
These very coarse assessments provide an initial estimate of
large-scale effects. A more detailed study of climate
impacts on soil C storage in the Brazilian Amazon is
provided as an example application of the GEFSOC
Modelling System.

2. Models

The Hadley Centre’s coupled climate-C cycle general
circulation model (GCM) (HadCM3LC, Cox, 2001) is a
version of the Hadley Centre’s third generation climate
model HadCM3 (Gordon et al., 2000) with lowered ocean
horizontal resolution (2.50° x 3.75°) coupled to terres-
trial and ocean C cycle models (TRIFFID: Cox, 2001) and
HadOCC (Palmer and Totterdell, 2001), respectively.
HadCMB3LC has recently been used in studies of climate-
C cycle feedbacks (Cox et al., 2000; Jones et al., 2003).
Soil C is modelled within HadCM3LC using a single pool
with a single decay rate and takes no account of input
quality. Hence it cannot simulate the dynamics of different
classes of soil C. Jones et al. (2005) compared predictions
of soil C changes under climate change from HadCM3LC
and its single pool soil C model with simulations using the
multi-pool soil C model RothC (Coleman and Jenkinson,
1999) driven by climate and litter output from
HadCM3LC. These two soil C models have been
described in detail by Cox (2001) and Coleman and
Jenkinson (1999).

Briefly, the HadCM3LC soil C model uses a single pool
of SOC with a single first-order decay rate dependent on
soil temperature and soil moisture. The RothC model has
four active SOC compartments, decomposable plant
material (DPM), resistant plant material (RPM), microbial
biomass (BIO) and humified organic matter (HUM) plus a
pool of inert organic matter (IOM) that is resistant to
decay. Each active pool has an individual decay rate,
which is modified according to functions of moisture,
temperature and plant cover and soil type. Organic C
inputs to soil are split between DPM and RPM according
to vegetation type—for example arable crops are assumed
to be more readily decomposable than forest litter, and
hence contain a greater proportion of DPM than RPM. All
active pools decay to release CO, to the atmosphere and to
form new BIO and HUM. The split between CO, released
and BIO and HUM formed is also a function of soil
texture.
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Fig. 1. Change in temperature (°C) from 2000 to 2100 for (a) Brazil, (b) India, (c) Jordan and (d) Kenya—HadCM3LC model (IS92a emissions scenario).

3. Experimental design

The experimental design for the simulations presented
here has been described in detail by Jones et al. (2005).
Briefly, both models were equilibrated at an initial state
using the climate from the first decade (1860s) of the climate
change simulation.

Table 1

Changes in annual average temperature and annual total precipitation
predicted by HadCM3LC model (IS92a scenario) globally, and for the
case study countries

Change in annual average  Change in annual total precipitation

temperature (°C) (mm)

1860-2000 2000-2100  1860-2000 2000-2100
Global 0.4 (0.2) 4.6 (1.6) 1.2 (-0.2) 44.4 (9.9)
Brazil 0.7 (0.2) 8.8 (3.0) 53.8 (4.2) —770.6 (—54.5)
India 1.2 (0.4) 6.0 (2.0) —147.5 (-28.0) 165.0 (—26.58)
Kenya 0.9 (0.3) 5.9 (2.0) —91.8 (—20.0) 213.1 (44.2)
Jordan 0.1 (0.1) 6.5 (2.3) —2.9(0.1) —26.6 (—27.6)

NB: Values in parentheses are percent change relative to 1860 values.

The two soil C models were used in computer
simulations to assess the sensitivity of soil C response
to climate change with and without multi-pool soil C
dynamics. Output climate forcing data and plant C inputs
from a climate change simulation using HadCM3LC were
used to drive the two models. In the original coupled
climate-C cycle experiments (Cox et al., 2000; Jones et al.,
2003) accumulation and release of soil C directly affected
the atmospheric CO, concentration and hence the climate.
In this study the output of the climate model was used to
drive both of the soil C models in an ““off-line”” manner—
in other words, there was no feedback between soil C
changes and climate. The runs used monthly mean output
from the GCM averaged over a decade for each month.
The model simulates naturally occurring changes in
vegetation, but disturbance due to agriculture is kept
constant at present-day levels and no attempt is made to
include the effects of anthropogenic land use changes.
Further experiments were performed for a grid point
representative of Central Brazil (60°W, 3°S), varying
separately temperature, soil moisture and organic C inputs.
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Fig. 2. Change in plantlitter input (kg C m~2) from 2000 to 2100 for (a) Brazil, (b) India, (c) Jordan and (d) Kenya—HadCM3LC model (IS92a emissions scenario).

The resulting simulation of soil C shows how each model
responds to the separate forcings viz temperature, moisture
and vegetation input.

4. Results
4.1. Climate change

Predicted climate change from 2000 to 2100 in the four
case study countries varied considerably from the Global
average, both for annual mean temperature and annual total
precipitation (Table 1). Given IS92a emissions of CO,, the
model simulated a global mean atmospheric CO, concen-
tration of 980 ppm by 2100, with temperature increases in
excess of 5°C predicted for all countries. Brazil was
predicted to experience the greatest warming and the
greatest drying of the four countries; decreases in rainfall
were also predicted for Jordan, whilst increases in rainfall
were predicted for Kenya and India. Spatial differences in
predicted climate change within countries included greater

temperature increases in Northern Brazil, Northern India
and Western Kenya (Fig. 1).

4.2. Changes in land cover and litter inputs

Large differences in changes in plant C inputs to soil from
2000 to 2100 between countries were predicted (Fig. 2). This
can be explained partly as a result of changes in predicted
land cover for the case study countries and partly as a result
of changes in net primary production (NPP). For example,
large decreases in plant C inputs were predicted in North-
eastern Brazil, largely due to a change in the dominant land
cover from broadleaf tree to grasses and bare soil. These
changes were the result of drying of the Amazon Basin and
have been discussed in detail by Cox et al. (2000, 2004) and
Betts et al. (2004). Increases in plant C inputs to soil were
predicted in North-eastern India, as a result of land cover
changes from grasses to scrub. Virtually no change in C
input for Jordan was predicted, with the dominant land cover
remaining as bare soil—majority of the area is desert. This is
in contrast with observed vegetation patterns that include
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Fig. 3. Changes in vegetation carbon storage from 2000 to 2100 (kg C m?) predicted by HadCM3LC model (IS92a emissions scenario) for (a) Brazil, (b) India,

(c) Jordan, and (d) Kenya.

significant plant growth during the growing season
(February—May). Increases in plant C inputs in Kenya were
predicted due to land cover changes from grasses to scrub in
the West of the country.

4.3. Changes in soil and vegetation C storage

Large changes in vegetation C storage from 1860 to 2100
were predicted by HadCM3LC (Table 3, Fig. 3). Decreases

Table 2
Total soil and vegetation carbon storage predicted by HadCM3LC model
(IS92a scenario) for the case study countries

Soil carbon storage (Pg C except ~ Vegetation carbon storage

in vegetation C storage were predicted for Brazil whilst
increases were predicted for India and Kenya; little change
in vegetation C storage was predicted for Jordan.
Database-derived estimates of baseline total soil C stocks
to 1 m depth for the case study countries are available from
Batjes et al. (2007) for Brazil (42.3 Pg C), India (1.2 Pg C),
Jordan (0.1 PgC) and Kenya (3.7 PgC). However, the
estimate for Brazil applies only to the Amazon region of
Brazil and that for India applies only to the Indo-Gangetic

Table 3
Total soil carbon storage predicted by RothC model driven by HadCM3LC
data (IS92a scenario) for the case study countries

Jordan, t C) (Tg C) Soil carbon storage (Pg C except Jordan, t C)

1860 2000 2100 1860 2000 2100 1860 2000 2100
Global 1180 1240 1100 493 544 552 Global 951.00 983.00 897.00
Brazil 58.28 63.01 2432 17242 187.06  112.78 Brazil 41.86 45.30 22.83
India 8.62 6.55 8.51 0.68 0.65 1.17 India 8.00 6.78 7.37
Kenya 221 2.34 2.12 10.80 11.87 16.52 Kenya 1.48 1.45 1.48
Jordan 3742 7815 0 0.03 0.02 0.01 Jordan 0.00 977.0 0.00
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Fig. 4. Changes in soil carbon from 2000 to 2100 (kg C m?) predicted by RothC model driven with HadCM3LC data (IS92a emissions scenario) for (a) Brazil,

(b) India, (c) Jordan, and (d) Kenya.

Plains region of India. In light of this, and of the coarse
nature of GCM grid-box predictions, the total soil C stocks
in 2000 for the case study countries predicted by
HadCM3LC (Table 2) and RothC (Table 3) are generally
similar to those of Batjes et al. (2007). The model-based
estimates for Brazil are higher than those of Batjes et al.
(2007) as would be expected. The model-based estimates for
Kenya and Jordan are lower than those of Batjes et al.
(2007), considerably so for Jordan, which was predicted to
have a dominant land cover of bare soil, with virtually no
soil C content. The total organic C stock in Indian soils was
estimated as 9.55Pg (0-30cm depth) taking soil data
collected during 1980 (Bhattacharyya et al., 2005). This
shows that SOC stock prediction through soil survey data is
higher than the model-based estimates (see comments
above). Total soil C stocks predicted by RothC are generally
lower than those predicted by HadCM3LC, as discussed by
Jones et al. (2005). We have not compared our estimates of
soil C stocks with those generated by the GEFSOC Model
System using RothC, CENTURY and the IPCC method
(reported elsewhere in this special issue) since our approach

modelled the whole profile—the GEFSOC approach mod-
elled only the top 20 or 30 cm depending on the output chosen.

For both RothC and HadCM3LC soil C stocks were
predicted to increase from 1860 to 2000 for Brazil and Jordan,
remain constant for Kenya and decrease for India. Soil C
stocks were predicted to decrease from 2000 to 2100 for Brazil
and Jordan by both models, whilst an increase in soil C stocks
was predicted for India, and little change in Kenyan C stocks
was predicted. The spatial patterns of changes in soil C
predicted by RothC (Fig. 4) and HadCM3LC (Fig. 5) were
generally similar and approximately followed changes in
vegetation C storage and litter inputs although RothC
estimates of changes in soil C were generally smaller than
HadCM3LC estimates (Jones et al., 2005).

4.4. C dynamics for a single grid point in Brazil

The response of each model to the three forcings
(temperature, soil moisture and organic C input) was
investigated at a grid point (60°W, 3°S) that was
representative of central Brazil, under forest vegetation
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Fig. 5. Changes in soil carbon from 2000 to 2100 (kg C m?) predicted by HadCM3LC model (IS92a emissions scenario) for (a) Brazil, (b) India, (c) Jordan,

and (d) Kenya.

with soil C content 4.69 kg m 2. The offline experiments
were repeated but allowing only one of the forcings to
change at a time with the other forcings kept constant at their
initial values. This separates the direct effects of temperature
and moisture on C turnover from indirect effects via changes
in vegetation productivity. Fig. 6 shows the soil C evolution
for four cases: (a) all forcings (i.e. the original experiment),
(b) temperature changing as before but all other forcings
held constant, (c) organic C inputs changing but other
forcings held constant, and (d) moisture changing but all
other forcings held constant.

Both increases in temperature and decreases in plant C
inputs act to decrease soil C, although the effect of reduced
moisture acts to increase soil C through soil dryness
inhibiting decomposition. The combined effect of all
forcings results in a large decrease in C stocks for the
gridbox in Central Brazil. Similar trends were noted for a
gridbox in Amazonia by Jones et al. (2005).

The changes in soil C from 1860 to 2100 for the run using
temperature forcing only, predicted by RothC and
HadCM3LC were —1.65 and —4.02 kg m ™2, respectively.

The corresponding figures for litter forcing only were —4.08
and —5.48 kg m~?%; those for moisture forcing only were
—1.65 and +11.02kgm ? and the values for the runs
including all forcings were —4.34 and —5.47kgm 2,

respectively.

5. Discussion

As in Jones et al. (2005), RothC and HadCM3LC showed
similar patterns, but different magnitudes of soil C response
to climate change. Climate change clearly has the potential
to considerably alter soil and vegetation C storage in the four
case study countries and therefore needs to be considered in
any estimates of future C sequestration potential via land
management strategies, although our simulations only
considered the effects of climate change driven land use
change, not anthropogenic land use change. Decreases in
soil C stocks by 2030 due to land use change alone are
predicted for most of the GEFSOC project case study
countries (Al-Adamat et al., 2007; Bhattacharyya et al.,



P. Falloon et al./Agriculture, Ecosystems and Environment 122 (2007) 114-124 121

—
Q
~
N
T

T T T

1850 1900 1950 2000 2050 2100

- = HadCM3LC ~~o =
—— ROTHC ~

KgC m-2
N}

1850 1900 1950 2000 2050 2100
Year

—
)

~
N

KgC m-2
)

L L R

'

(o2}
1
1
H

-
o<}
a
o

1900 1950 2000 2050 2100
Year

KgC m-2

o
IARSRARRERERRERERS
N

-5t
1850 1900 1950 2000 2050 2100

Year
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experiment where all forcing was held constant except temperature. (c)
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organic carbon inputs. (d) Results from the experiment where all forcing
was held constant except for soil moisture.

2007; Cerri et al.,, 2007, Kamoni et al., 2007). In the
Brazilian grid point presented in this study, regardless of
vegetation changes, the soil C sequestration potential of
future land management options would be greatly reduced
by climate change. Less dramatic changes were predicted
for India, Kenya and Jordan. Falloon (2004) has already used
RothC to show that in the UK soil C sequestration potential
could be reduced by climate change and results obtained
from simulations including both climate and land use change
were not equal to the simple sum of simulations including
either climate change or land use change alone.

Climate change could also limit the feasibility of the
different land management options. If the predicted dieback
of the Amazon forest (Cox et al., 2000, 2004; Jones et al.,
2003; Betts et al., 2004; Cowling et al., 2004) is correct then
clearly land management options favouring forestry will be
severely limited in the Amazon region. Considerable
reductions in forest cover are also expected due to the
expansion of logging schemes and clearance of land for
agricultural expansion (Laurance et al., 2004). Land use
change itself can also drastically change local and regional

— 1860—-2000
— 2000-2100
Brozil
Indi
ndia
Jordan —
Kenya

Global

Temperature Precipitation Seil C Vegetation C
(degrees C) (mm/y) (Pg Cx) (Tg C)

Fig. 7. Changes in temperature, precipitation, soil C and vegetation from
the HadCM3LC runs between 1860-2000 and 2000-2100 for the case study
countries.

climates via direct physical effects including recycling of
water through vegetation, surface resistance and windspeed,
and albedo (Betts et al., 2007). The presence of forest cover
in the Amazon region helps to maintain precipitation (Betts,
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Fig. 8. Change in temperature against change in precipitation from the
HadCM3LC runs between 2000 and 2100 for the case study countries. Blue
lines indicate increases in soil C stocks, red lines indicate decreases in soil C
stocks. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of the article.)
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1999)—total or partial Amazonian deforestation would
result in considerable local drying and potentially alter large
scale circulation patterns (Gedney and Valdes, 2000).
Reforestation in the boreal zone could potentially warm
the local climate (since forest cover has a lower albedo than
lying snow) and could also have a net warming effect on the
global climate, opposite to that intended (Betts, 2000).

Uncertainties in predicted climate change for the four
countries could arise from missing or incomplete descrip-
tions of processes in GCMs, uncertainties in future
emissions of greenhouse gases, uncertainties in GCM
parameters, or differences between models. The latter two
can be investigated using multi-member ensemble runs of
the same climate model run with different parameter sets
(e.g. Murphy et al., 2004), and by inter-model comparisons
(e.g. Friedlingstein et al., 2006). Uncertainties in future
emissions of greenhouse gases can be investigated using a
wide range of emissions scenarios (e.g. IPCC, 2000), although
different scenarios are more likely to affect the magnitude
of response rather than the pattern or sign of change.

Interestingly in the four cases studied here precipitation
seems to control the sign of the soil C changes under climate
change (Figs. 7 and 8). Wetter conditions tend to result in
higher soil C stocks, and drier conditions in lower soil C
stocks, presumably because increased NPP in wetter
conditions here will override any increase in respiration.
In contrast, globally, it seems to be temperature that controls
changes in C stocks under climate change. Even though
there is a slight increase in precipitation globally, a decrease
in C stocks is predicted—in other words, the regional
response to precipitation differs from the global response.
Presumably this is because whilst temperature increases are
predicted everywhere, the nature of precipitation changes
varies greatly between regions.

Although this study has addresses uncertainties in soil C
model structure, the nature of soil and vegetation C response
to climate change could also be influenced by factors not
currently included in either RothC or HadCM3LC. For
example, neither model includes nutrient cycling and
although large amounts of soil C are stored in organic soils
and subsoils, RothC has not been parameterised for these
situations (Falloon et al., 1998).

The resolution of climate model outputs must also be
considered. At the resolution of the HadCM3LC a small
country such as Jordan is only covered by one GCM grid box
and thus no spatial heterogeneity in climate can be achieved.
In the UK a nested approach using regional climate models
(RCMs) to downscale GCM results has been utilised (Hulme
et al., 2002). The finer resolution of RCMs makes their
simulation of local climates much more realistic, although
the horizontal resolution of the latest generation Hadley
Centre climate model, HadGEM1 (Martin et al., 2006), is
around half that of HadCM3 giving roughly four times as
many gridpoints.

Considerable improvement in understanding the potential
impacts of climate change on soil and vegetation C storage

in the four case study countries could therefore be achieved
by (a) using outputs from the latest GCM simulations (e.g.
HadGEM—IJohns et al., 2006), (b) investigating a range of
emissions scenarios, (c¢) utilizing information from existing
climate model uncertainty studies, (d) using outputs from
RCMs to improve upon local climate model outputs, (e)
investigating climate change scenarios in combination with
land use change scenarios in the GEFSOC modelling
system, and (f) taking low-resolution climate anomalies
from the GCM and adding them to the existing observed
climate (at high resolution).

6. Conclusions

Climate change in Brazil, India, Jordan and Kenya is
likely to include warming in excess of 5 °C, with greater
warming expected in Brazil than the other countries. Brazil
and Jordan are likely to experience reductions in annual
rainfall totals, whilst wetter conditions could be expected for
Kenya and India. In the case study regions investigated here,
precipitation rather than temperature would appear to
control the sign of predicted changes in soil C, largely
through the influence of precipitation on litter inputs to soil.
The reason for this result is likely to be that whilst
temperature increases were predicted in all regions, there
were large regional variations in precipitation changes due to
climate change.

Soil and vegetation C storage is likely to respond
differently to climate change in the four case study
countries—large reductions in C storage are predicted for
Brazil, whilst C storage could increase in Kenya and smaller
changes are likely in India and Jordan. The RothC and
HadCM3LC models used to investigate soil C responses in
this study predict similar patterns of change although the
magnitudes were different. Since it could greatly alter future
C storage, climate change clearly needs to be considered in
conjunction with land use change when making estimates of
future C sequestration potential.
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