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Abstract. We used the General Ensemble biogeochemicall Introduction

Modeling System (GEMS) to simulate responses of natural

and managed ecosystems to changes in land use and langgpical terrestrial ecosystems across the African continent
cover, management, and climate for a forest/savanna transinay play an increasing role in the global carbon (C) cy-
tional zone in central Ghana. Model results show that de<le with potentially significant climate change implications
forestation for crop production during the 20th century re- (Stephens et al., 2007), especially in sub-Saharan Africa
sulted in a substantial reduction in ecosystem carbon (Cjyhere the role of land use change in controlling-Gnis-
stock from 135.4MgCha" in 1900 to 77.0MgCha in  sjons and annual C budgets at regional and global scale may
2000, and in soil organic C stock within the top 20 cm of be more critical than in other regions (Houghton and Hack-
soil from 26.6 Mg C ha' to 21.2Mg Cha'. If no land use  |er, 2006). Previous studies on the African continent C bud-
change takes place from 2000 through 2100, low and highyet focused only on either forests or conversion of forest to
climate change scenarios (increase in temperature and deropland (Houghton and Hackler, 2001, 2006). In fact, hu-
crease in precipitation over time) will result in losses of soil man activities such as cutting, fuelwood harvest, fertilization,
organic C stock by 16% and 20%, respectively. A low ni- and other factors affecting net primary productivity also play

trogen (N) fertilization rate is the principal constraint on cur- g critical role in regional and global C budgets (Nemani et
rent crop production. Anincrease in N fertilization under the 3., 2003; Sankaran et al., 2005; Reich et al., 2006).

low climate change scenario would lead to an increase in the
average crop ylleld by 21% with 30kgNhaand by 42% 4 |ang management data into model simulations, Liu et
with 60kg N ha * (varying with crop species), accordingly, 1 (2004a) used the General Ensemble biogeochemical Mod-
the average soil C stock would decrease by 2% and mcreasg“ng System (GEMS) (Liu et al., 2004b) to simulate C dy-
by 17%, in all cropping syst.e.ms_by 210(,)' T_h_e results SU9namics in vegetation and soil in south-central Senegal from
gest that a reasonable N fertilization rate is critical to achieve; g o 2100. They observed a decreasing trend in ecosys-
food security and agricultural susta_inability in Fhe study_ arediam ¢ stock during the 20th century due mainly to deforesta-
through the 21st century. Adaptation strategies for climat€;o, ang predicted that such trends could continue through-
change in this study area require national plans to SUPPOIY, ¢ the 21t century and threaten food security and efficiency
policies and practices that provide adequate N fertilizers 1oyt sequestration projects. Houghton and Hackler (2006)

sustain soil C and crop yields and to consider high temperag o 4 bookkeeping model to estimate the annual C flux

ture tolerant crop species if these temperature projections aressociated with historical changes in land use at a country
exceeded. scale across sub-Saharan Africa and suggested that the an-
nual net C flux from changes in land use during the 20th
century increased quickly and the total source was equiva-
lent to about 15% of the global net C flux from land use

Correspondence taZ. Tan change in the 1990s. By combining data from regional
m (ztan@usgs.gov) and global inventories with the forward and inverse model

With a special emphasis on the fusion of land use change
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analyses, Williams et al. (2007) evaluated C dynamics acros2 Materials and methods
the African continent and suggested that Africa is a major
source of interannual variability in global atmospheric.CO 2.1 Study area
Freitag et al. (2008) used an isotope mass balance approach
to estimate the annual photosynthetic C flux over the wood-The Ejura-Sekyedumasi district in central Ghana (longi-
land and savanna-dominated ecosystems of the Volta Rivetudes 215-1°40 W and latitudes 712—7°35 N) covers an
basin in West Africa and found that the watershed was a modarea of 1244 krh It represents the transitional zone from
est source of C@to the atmosphere because the estimates ofhe moist forest in the south to savannas in the north of
heterotrophic soil respiration exceeded the NPP (net primarny@chana. The mean annual minimum and maximum tem-
production) estimates. On the other hand, with a progresperatures between 1971 and 2000 were 21(4-0.4) and
sive climate change, low soil nitrogen (N) supply is widely 31.2C (7+£0.5), respectively. The mean annual precipitation
thought to be a major limitation to the response of biomasswas 1226 mm+£185). The period from April through Octo-
accumulation to climate warming in the future, even thoughber had 80% of the annual precipitation and is defined as the
an elevated atmospheric G@enerally enhances the photo- wet season (corresponding to the growing season), and the
synthesis (Nemani et al., 2003; Reich et al., 2006), at least ipperiod from November through March is defined as the dry
Cs plants. season in this study. The natural land cover in 1900 was sup-
Ghana is an agriculture-oriented country of sub-Sahararposed to consist of semideciduous forest and closed savanna
Africa where there has been a nutrient depletion of soil N,woodland (Fig. 1). LULC in the 20th century was dominated
phosphorous, and potassium at 2040 kgtya ! since the by several kinds of cultivated savannas (or agricultural lands)
1950s (Lal, 2007). Low nutrient input, especially low N fer- that were derived from semideciduous forest and closed sa-
tilizer use rate, has become one of major constraints to cropanna woodland. Major crops include cassaléaitinot
production and jeopardize the food security (Kelly, 2006). esculent® cocoyam Xanthosoma tannja and maize {ea
The recent successful increases in maize yields in MalawimaysL).
have attested to the importance of adequate financial sup-
port for fertilizers fttp://www.dfid.gov.uk/casestudies/files/ 2.2 Modeling system and simulations
africa/malawi-harvest.a3p Because of the wide range of
climates in sub-Sahara Africa, the various crops and man2.2.1 GEMS  (General Ensemble  biogeochemical
agements, and the need for increased food production, a de- Modeling System)
tailed modeling assessment of fertilization needs for spe-
cific soils and climates is warranted. In this study we se-The modeling approach (GEMS) applied in Senegal by Liu
lected the Ejura-Sekyedumasi district of Ghana as a studgt al. (2004a) was used in this study to help develop an un-
area because it is a representative forest/savanna transition@rstanding of the climate and management controls in the
zone. We hypothesize that the changes in land use and lan@ore humid country of Ghana and to compare the responses
cover (LULC) primarily resulted in C sources at regional along the gradient from forests to savanna with an analysis
or national scales in Ghana during the 20th century. Weof the transition zone. We believed that the model structure
also propose that the interannual variations of climate andand performance of GEMS with results validated in Senegal
the low rates of N fertilization will be major forces driv- could provide a solid basis for application in Ghana.
ing terrestrial ecosystem C dynamics and fluctuation of crop As Liu et al. (2004a) described, GEMS (Liu et al., 2004b)
yields in the future. The objectives of this study were to (1) was developed for a better integration of well-established
evaluate the spatial and temporal variations in ecosystem @cosystem models with various spatial databases for simu-
stock at a regional scale in the 20th century and (2) simudating biogeochemical cycles over large areas. It has been
late the sensitivity of ecosystem C stock and crop productiorsuccessfully used to simulate C dynamics in vegetation and
to changes in N fertilization with projected warming-drying soil at various spatial scales. The CENTURY model (Parton
scenarios through the 21st century. This study was designe¢lt al., 1994) was selected as the underlying ecosystem bio-
to support the strategies for the development of sustainablgeochemical model in GEMS because it has solid modules
agricultural practices to meet food security that was identi-for simulating C dynamics at the ecosystem level and has
fied by New Partnership for African Development (NEPAD) been widely applied to various ecosystems worldwide. More
and has resulted in the implementation of the Comprehendetail about GEMS can be referred to Liu et al. (2004b).
sive African Agricultural Development Program (CAADP)  Similar to the model application in Senegal by Liu et
and implementation plans at the Africa Fertilizer Summit al. (2004a), modeling architecture in this study was designed
(http://www.maep.gov.mg/eg/africafertilizer.ntm for three scenarios: initial C status around 1900, impacts of
human disturbances on C dynamics from 1900 to 2000, and
C trends under a changing climate from 2000 to 2100. For
initial C status around 1900, it was assumed that the ecosys-
tem C flux and soil organic C (SOC) stock in 1900 were
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Fig. 1. Land cover types in 1900 (upper left) and land use and land cover types in 2000 (lower right) across the Ejura-Sekyedumasi district
in central Ghana.

in equilibrium under natural vegetation, even though human2.2.3 Management practice data
presence could be traced back prior to 1900. Estimates of
ecosystem C flux and SOC stock in 1900 were obtained byl he information of management practices for this study was
running GEMS for 1500 years under natural vegetation, cli-synthesized from sample site investigations across the study
mate information from 1971 to 2000, and contemporary soilarea and literature. The dataset of management practices for
and drainage conditions. model simulations consisted of crop composition, crop ro-
tation, fallow, and harvesting options (or residue manage-
ment). These kinds of information and their parameters used
2.2.2 Geospatial data for model simulations in GEMS are listed in Table 1. As well as crop residues re-
tained in field (see Table 1D), manure addition to cropped
field has been thought a major nutrient source for crops and
The Spatial simulation unit of GEMS is a JFD (jOint fre- the amount of an average level of 2.0 Mg’HaNas consid-
quency distribution) case. A JFD case (i.e. a grid) containsered for modeling. Both hand- and animal-driven plowing
multiple, homogeneous, connected or isolated land pixelsnethods were applied for tillage. The frequency of fuelwood
that represent a unique combination of values from the Geproduction from woodlands was assumed to be one time each

ographic Information System (GIS) layers. The GIS layersyear, GEMS automates the processes of downscaling those
for JFD generation in this study consisted of mean monthlygata for C budget simulations.

precipitation, mean monthly minimum and maximum tem-

peratures, historical LULC change dynamic data that were2.2.4 Ensemble simulations and uncertainty control
derived from three time series of Landsat images (1972,

1986, and 2000) provided by Ghana Environmental ProtecAccording to Liu et al. (2004b), GEMS generates site-level
tion Agency and Center for Remote Sensing and Geographinputs with a Monte Carlo approach from regional datasets.
ical Information System (CERSGIS), soil inventory taken Because any single simulation of a JFD case is a unique com-
from the FAO soil database. A total of 164 JFD cases with abination of the spatial units in common of all input GIS lay-
pixel size of 1 km by 1 km were resulted from the combina- ers, the output of a single simulation run of a JFD might be
tion of these GIS layers in this study. biased. Therefore, ensemble simulations of each JFD are
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Table 1. Parameters of management practices used in model simulations.

A. Percentage of each crop in all planted area (crop composition)

Period Closed cultivated land Open cultivated land Widely open cultivated land
Maize Cocoyam  Cassava Maize Cocoyam Cassava Maize Cocoyam Cassava
1900-1972 1 1 1 19 24 23 10 11 10
1973-1986 2 3 3 20 23 22 9 10 8
1987-2000 3 4 4 20 22 20 10 8 9
B. Probabilities of crop rotation
Fallow Maize Cocoyam Cassava
Fallow 0.40 0.15 0.20 0.25
Maize 0.10 0.60 0.20 0.10
Cocoyam 0.25 0.10 0.50 0.15
Cassava 0.25 0.15 0.10 0.50
C. Fallow schedule
Land use type Years in fallow Years in cropping
Minimum  Maximum  Minimum  Maximum
Closed cultivated 1 3 4 6
Open cultivated 2 3 4 5
Widely open cultivated 3 4 4 6
D. Percentage of harvested area associated with harvesting options
Period GH G50 G
1900-1930 0.8 0.1 0.1
1931-1960 0.5 0.3 0.2
1961-1990 0.3 0.5 0.2
1991-2000 0.0 0.0 1.0

Note: GH, harvesting all grain and stalk; G50, harvesting grain and 50% of stalk; G, harvesting grain only.

executed to incorporate the variability of inputs. In gen- 2.3 Simulation scenarios

eral, the outputs of ensemble simulations become more sta-

ble when increasing the number of simulation runs (Liu et2.3.1 Scenarios for the 20th century

al., 2004b). We made 20 repeat runs for each JFD case in o )

this study to insure stable outputs. Values of selected outBaseéd on the initial C status around 1900 by running the
put variables were written to a set of output files after eachGEMS under the natural vegetation condition, we ran GEMS
model execution and then aggregated for the study area u&iSing the input data as described above and management
ing SAS Macros programming. Meanwhile, the uncertaintydata (see Talble 11). The average N fertilizer application rate
of simulations was evaluated in terms of the coefficient of ©f 4kgNha=yr~= across the country from 1970 to 2000
variation (CV) with all model outputs. More importantly, we (http://earthtrends.wrl.o_rgland conventional tillage practice
used the field observation data of the ecosystem C and SO¥ere assumed to remain through the 20th century.

stocks and the grain yields of major crops as references t
verify the corresponding outputs, and repeatedly ran mode

simulations by adjusting parameters after each run until thq:ollowing the IPCC Special Report on Emissions Scenar-
outputs matched the field measurements as closely as pos%—S (SRES), Hulme et al. (2001) integrated a new observed
ble. Therefore, the modgl outputs should represent the ger'tjlobal climate data into several Global Climate Models, cou-
eral patterns of C dynamics across the study area. pled with the Model for the Assessment of Greenhouse In-
duced Climate Change (MAGICC) (Wigley et al., 2000), and
developed an approach to evaluate the changes in both con-
tinental and regional seasonal-mean temperature and rain-
fall across the African continent. The approach of Hulme
et al. (2001) was successfully used by Liu et al. (2004a) to
set climate change scenarios for their study area in Senegal.

.3.2 Climate change scenarios for the 21st century

Biogeosciences, 6, 458, 2009 www.biogeosciences.net/6/45/2009/


http://earthtrends.wri.org/

Z. Tan et al.: Historical and simulated ecosystem carbon dynamics 49

The Africa focus of Hulme’s approach and its compliance (3) N60, the N fertilization rate increases to
with the IPCC SRES emissions scenarios made us believe  60kg N ha®yr—1 after 2000.

that the simulation results under the climate change scenarios

formulated by this approach should be comparable to thoséodel simulations for each scenario addressed above were
estimated from the approaches recommended in the IPC@ade with an assumption that there are no changes in LULC
Fourth Assessment Repottt{p://www.ipcc.ch/ipccreports/ and other management practices.

ar4-syr.htm. In order to evaluate the impacts of future cli-

mate change on ecosystem C dynamics during the 21st cen-

tury, the approach of Hulme et al. (2001) was used to se3 Results and discussion

three climate change scenarios for our study area.

1. No Climate Change (NCC): the average monthly values3.1 Changes in land use and land cover

of precipitation and mean monthly minimum and max-

imum temperatures from 1971 to 2000 are supposed tarhe LULC types and their changes across the district are pre-

stay for the 21st century. sented in Table 2. Assuming all land was covered by natu-
ral semideciduous forest (10.5%) and closed savanna wood-
changes in annual precipitation and minimum and maxi-Iand (89.5%) before 1900, by the year 2000 these classes
mum temperatures by 2100 are proportionally allocatedaccounted for only 4.1% and 2.5% of the land area, respec-

to each month based on the average monthly valuegvely’ due to the cultivation for crop production and the
from 1971 to 2000 (i.e. baselines). Under this Sce_change or degradation to savannas as listed in Table 2. As a

result, the cultivated savanna lands (including closed-, open-,
and widely open cultivated savanna classes) have become
a predominant LULC type, occupying 70.4% of all land.
About 13.5% of the total land area was directly involved in
3. High Climate Change (HCC): similar to LCC, under LULC change between 1972 and 2000, with major conver-
this scenario, the annual precipitation will have a re- sions from open forest and closed savanna woodland to open-
duction of 234 mm by 2100, and the mean monthly and closed cultivated savannas.
minimum and maximum temperatures will increase by
4.3C and 3.4C, respectively.

2. Low Climate Change (LCC): the projected minimum

nario, the annual precipitation will decrease by 110 mm
in 2100, and the minimum and maximum temperatures
will increase by 2.7C and 2.2C, respectively.

3.2 Carbon dynamics in the 20th century

2.3.3 Nitrogen fertilization rates for the 21st century ] o o
At the regional scale, there was a significant reduction in

Besides manure, N fertilizers are the dominant N source apecosystem C stock (i.e. the sum of live and dead aboveground
plied to crops in Ghana. The average N fertilizer applicationand belowground biomass C and SOC in the top 20 cm soil)
rate across the country from 1970 to 2000 was only abougluring the 20th century, from 135.4 Mg Chiain 1900 to
4kgN halyr=1 (http://earthtrends.wri.ory/ According to  77MgCha? in 2000. The spatial and temporal trends for
the Crop Services Department of Ministry of Food and Agri- four selected years are illustrated in Fig. 2. A similar change
culture of Ghana, the levels of fertilizers applied for maize trend was observed across south-central Senegal in the 20th
production are recommended as: 120 kghaf compound  century by Liu et al. (2004a) using the same simulation ap-
fertilizer (consisting of nitrogen, phosphorus, and potassium)proach. Such a reduction could be mainly attributed to the
applied during planting, 120 kg h& of ammonium sulfate  substantial removal of aboveground biomass by deforestation
((NH4)>SOy) for top dressing, and another 120 kgteof for agricultural use. For example, the living biomass was
ammonium sulfate applied during tussling stage (Communi-reduced from 100 Mg C h& in 1900 to 52.4 Mg C ha' in
cation with Tachie-Obeng, EPA of Ghana). The annual total2000, accounting for 80% of the total reduction in ecosystem
fertilization rate recommended for maize production is aboutC stock, which is comparable to the contribution (88%) esti-
60kgNhalyr~1. Liu et al. (2004a) documented that the N mated by Liu et al. (2004a) for south-central Senegal. Mean-
fertilization rate of 30 kg N halyr—1 is usually applied on  while, the total SOC stock decreased from 26.6 Mg Clha
intensive and extensive croplands in south-central Senegain 1900 to 21.2 Mg Chal in 2000, representing a reduc-
Therefore, we set three N fertilization scenarios for all cropstion of about 21%. This kind of SOC loss was dominantly
through the 21st century as follows: related to cultivation-enhanced emissions after deforestation
(Houghton, 1995, 2003; Guo and Gifford, 2002; Liu et al.,
2004) because the interpretation of time-series Landsat im-
ages from 1972 to 2000 indicates that the area of all cul-
tivated savanna lands was increased by 95 khich hap-
(2) N30, the N fertilization rate increases to pened to be equivalent to the reduced area of the forest and
30kg N halyr—1 after 2000, and close savanna woodland during the same period (Table 2).

(1) N4, the average N fertilizer application rate of
4kgNhalyr1is supposed to continue through the
21st century,
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Fig. 2. Spatiotemporal trends of ecosystem C and soil organic C stocks across the Ejura-Sekyedumasi district for the selected years during
the 20th century.

Table 2. Land use and land cover type, area, and change rate across the Ejura-Sekyedumasi district from 1972 to 2000.

Land use and land cover type 1900 1972 2000 Change by 2000 (?nange

km? % km? %2 km? %2 km?  %lyr
Semideciduous forest 130 10.5
Closed savanna woodland 1114 895 71 5.7 31 2540 -0.11
Open forest£60%) 106 85 51 41 -55 -0.16
Riverine savanna vegetation 82 6.6 42 3.4-40 -0.11
Plantation cover 27 2.2 49 3.9 22 0.06
Moderately dense herb/bush 207 16.6 220 17.7 13 0.04
Closed cultivated savanna 50 4.0 100 8.0 50 0.14
Open cultivated savanna 463 37.2 541 435 78 0.22
Widely open cultivated savanna 226 18.2 193 15533 -0.09
Settlement 12 1.0 17 14 5 0.01
Total 1244 100 1244 100 1244 100 168 0.48

@ Pecentage of the total land ar@avlean annual change percentage of the total land area between 1972 to 2000.

However, the dynamics of SOC and the magnitude of SOCeasily lose SOC following cultivation (Tan et al., 2006a,
loss varied significantly with LULC types (see Fig. 3). Open b). Very small reduction was simulated for savanna wood-
forest demonstrated a remarkable declining trend in SOQand and riverine savanna. On the contrary, the dynam-
content over the 20th century (mainly in the first 40 years).ics of SOC showed noticeable interannual variations across
The C density in Mg C hal is the average of the land cover the herb/bush savanna and all cultivated savannas, especially
class at any given time. Any change shown in Fig. 3 rep-during the period prior to 1970. We attribute these variations
resents the overall average change in SOC density for thab the following reasons. First, in the absence of documented
class. SOC changes shown here could be attributed to twaULC data prior to 1972, the changes from either the na-
major reasons: (1) degradation of natural forests to operive savanna, savanna woodland or the natural forests to any
forest and degradation of open forest itself owning to wild- other land uses before 1972 were randomly determined by
fires, charcoal production, and traditional slash (Allotey andGEMS, while the initial SOC stock levels differed consider-
Tachie-Obeng, 2006), and (2) deforestation for cultivationably between the savanna woodland and the natural forests.
started preferably from sites with high soil organic mat- Second, extensive cultivation and traditional burn farming
ter content, while the soils with higher SOC stocks more methods (Allotey and Tachie-Obeng, 2006) could enhance
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Fig. 3. Soil organic carbon (SOC) dynamic trends through the 20th century simulated for major land use and land cover types in the Ejura-
Sekyedumasi district (Note: The SOC stock value for each LULC type was simulated only for what the land was. In fact, the area of each
LULC type used for C calculation at any time point is variable, which, however, was supposed to have little influence on the general dynamic
trends. The SOC value for cropland in 1900 when no cropland was assumed represents the average initial SOC level of the forestland which
was converted to cropland after 1900).

decomposition of soil organic matter and consequently resuli6%, and 20% under NCC, LCC, and HCC, respectively. C
in a significant SOC loss. Third, variations in cropping sys- sources could happen to all kinds of LULC ecosystems but be
tem (or crop rotation) and management practices might playdominantly contributed by the SOC loss from cultivated sa-
an important role in the SOC loss from all cultivated savan-vannas and moderately dense herb/bush savanna. Compared
nas. For example, because of differences in biomass produavith the NCC scenario, both LCC and HCC scenarios were
tion among cocoyam, cassava, and maize cropping systemsimulated to lead to a significant reduction in the mean SOC
any changes in cropping systems could greatly contribute testock, but no significant difference was tested between LCC
the variation in SOC stock at an annual time scale. Averag-and HCC (see Table 3). Note from Table 3 that SOC (par-
ing for all cropping systems, there was a reduction of 35%ticularly in the cultivated savannas and herb/bush savanna)
SOC by the year 2000. This SOC reduction rate is abouis more sensitive to the climate change than is aboveground
8% higher than that reported by Liu et al. (2004a) for south-biomass production. On the other hand, the SOC change (de-
central Senegal but much lower than the rate (50% for thecrease) rates in almost all LULC types (except plantation,
top 10 cm rather than top 20 cm depth of soil) of Aweto and which is not listed in Table 3) were tested to be significant
Obe (1993) obtained from the Idi-Ayunre/Omi-Adio of Nige- (p<0.01), especially under LCC and HCC. As addressed in
ria. In comparison to our study area, the forested land in thehe previous section, this SOC loss can be attributed to the
Idi-Ayunre/Omi-Adio has a higher SOC stock (especially in tillage practices and higher C decomposition rate triggered
the top soil) because of higher precipitation, while the higherby higher temperature. The spatiotemporal patterns of both
C emission rate likely occurs in soils with higher baseline ecosystem C and SOC budgets under the HCC for selected
SOC stocks after conversion for crop production (Tan et al.,years are illustrated in Fig. 4.
20064, b).
3.4 Responses of crop grain yields to N fertilization

3.3 Ecosystem C budgets associated with projected climate

change scenarios Our simulations focused on three major crops: cassava, co-

coyam, and maize. As shown in Table 4, crop grain yields

We did simulations for each projected climate change sceeover the 21st century will depend significantly upon the ap-
nario with an assumption that there are no changes irplication rate of N fertilizers. Compared with N4, N30 and
LULC and land management and that the fertilization rateN60 will lead to a significant increase in grain yields of all
of 4kgN ha® remains for croplands through the 21st cen- three crops. T test also shows a significant difference in mean
tury, and the results are presented in Table 3. Generally, byields between N30 and N60. Although HCC would lead
the year 2100, the whole study area will become a smallto some reduction in yields in comparison to either NCC or
C source. However, the ecosystem C budgets over eithet CC, no significant differences in crop yields are tested be-
the whole area or individual LULC sectors would heavily tween any two climate change scenarios. The responses of
count on their SOC balances. As indicated by the data in Taerop yield to N fertilization vary with crop species. Under
ble 3, the SOC stock across the study area will reduce by 6%xll climate change scenarios, N60 could lead to the greatest
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Fig. 4. Spatial patterns of ecosystem C and SOC stocks under high climate change scenario (HCC) in the Ejura-Sekyedumasi district for the
selected years during the 21st century.

increase in cocoyam yield, followed by maize. The dynamicsary to ensure food security and healthy cropping ecosystem
trends of all three crop yields through the 21st century in-performance across the Ejura-Sekyedumasi district. Such
dicate that existing N fertilization level (N4) will not sus- fertilization level can result in high fertilizer use efficiency
tain crop production, suggesting an increasing dependencgven though it is not enough to maximize crop yield due to
of crop yields on fertilizers under a changing climate, espe-limits of human capital and financial capability (Kelly, 2006).
cially maize. Existing N fertilizer input will also result in

pronounced interannual variations in yields (see Fig. 5). In

qther words, crop production with little or lower N fertiliza- 5 g Dynamics of soil C stock within cropping systems as
tion r_att_es are much Iess_ stable_ and more vulne_rable to un- related to N fertilization

certainties of climate variables, implying that an increase in

N fertilization rate can offset some adverse impacts of pro-

gressive climate warming-drying stresses. That may be why. ™~ ~ ; . N
tilization rate in all cropping systems can significantly en-

the change (%) in these crop yields with N4 calculated from i . i . g
ge (%) Py hance sequestering atmospheric C into soil, depending on

the yield differences between 2000 and 2100 are not con- L . .
; d\l fertilization rates and projected climate change scenar-

to N60 application rate is cumulative (increase) during the'S: However, .N4 fertilization rate will lead 1o a signifi-
first 30years and remains consistent for about another 462Nt decrease in .SOC stock by 18% a_nd 23% under LCC
years. These results suggest that the response of crop yieﬁrd HCC, respeciively, r?pl)resentmg. soil C sources at rates
to N fertilization is much stronger than to climate change. of 38 and 49 kg .C el yr =, respectl\{ely. In our case,
This may be dominantly attributed to the low baseline soil the N30_ _fert|I|zat|on rate could marginally Oﬁs?t the de_—
N content because the average total soil N content for alfomposition of .SOC Fhat results from qu projected cli-
cropping systems in 2000 was estimated at 1.95 MgNha Z]?;e;:;r;?eé l\(N'tch: r?afm:f?f 27dkg fggﬂ ;ndeé NCC,
Even in Latin America and Asia where the fertilization rate 1 gil yr— under , and a & source

is 8-15times that in sub-Saharan Africa, the fertilizer useOf 1akgCha "yr upder HCC. The N60 application rat.e
contributes as much as 50% of the Green Revolution yieldCOUId help all cropping systems turn out to be a C sink

f 66kgChalyr—! under NCC, 37kgCha yr1 under
growth (Kelly, 2006). Onumah and Coulter (2000) reportedo 11
that the crop yield in the transitional zone of Ghana rose"CC and 32kg C ha' yr=" under HCC. The change trends

to 4.8Mgha? with application of fertilizers but dropped of SOC budgets from 2000 through 2100 are illustrated in

to 1.5-2.0 Mg halwithout fertilizers. As recommended by F|g: 6. . Note frgm F_|g. 6 that the eﬁ?.CtS .Of N fertilizers on
maintaining soil fertility at low N fertilization rates and en-

Adiku et al. (1998) for a sustainable production in savanna;ql g SOC irati t high N fertilizati t

zones, our results also suggest that a modest N fertilizatiot a?)cmg | t_seqtfjestLa |(f)_n<';1 '9 | gr : |zda lon raé ets Zeetm

rate (for example about 30 kg N'hayr—1) would be neces- 0 P€ cumulative for the Tirst several decades and 1o dete-
riorate afterwards. The different projected climate change

he data presented in Table 5 show that increasing N fer-
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Fig. 5. Simulated responses of crop yield to N fertilization rates under projected climate change scenarios from 2000 to 2100 (NCC, LCC,
and HCC represent no climate change with normal N fertilization rate, low climate change, and high climate change scenarios, respectively.

N4, N30, and N60 refer to N fertilization rates of 4, 30, and 60 kg N'har—1, respectively).
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Fig. 6. Simulated responses of soil organic carbon stock (SOC) in cropping systems to N fertilization rates and climate change scenarios
from 2000 to 2100 (NCC, LCC, and HCC represent no climate change, low, and high climate change scenarios, respectively. N4, N30, and

N60 refer to N fertilization rates of 4, 30, and 60 kg NHar—1, respectively).
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Table 3. Consequences of projected climate change to ecosystem carbon and soil organic carbon (SOC) stocks at the district scale.

Land use Climate change scenario 2000 2100 KeanStdev Chandr‘e
Mg Chal (%)
Ecosystem C Stock
All land NCC 77.0 74.2 75.2 0.8 —4
LCC 77.0 73.0 74.1 0.9 -5
HCC 77.0 70.9 734 1.5 -8
Open forest NCC 240.3 241.1 242.2 0.8 0
LCC 240.3 246.5 242.9 6.2 3
HCC 240.3 2427 242.0 2.4 1
Savanna NCC 92.6 94.8 94.4 2.2 2
woodland LCC 92.6 96.4 94.7 3.8 4
HCC 92.6 93.8 94.1 1.3 1
Moderately NCC 72.8 84.9 79.9 12.1 17
dense LCC 72.8 84.1 78.4 11.3 16
herb/bush HCC 72.8 81.2 7% 8.4 12
Cultivated NCC 46.8 34.2 39.4 -12.0 -26
savannas LCC 46.8 30.7 37.8 -16.0 -34
HCC 46.8 29.6 372 -17.2 -37
Soil C Stock
All land NCC 21.2 20.0 20.2 0.4 -6
LCC 21.2 17.8 192 1.0 -16
HCC 21.2 16.9 189 1.3 -20
Open forest NCC 30.2 30.9 30.6 0.7 2
LCC 30.2 29.2 295 1.1 -3
HCC 30.2 28.5 298* 18 -6
Savanna NCC 20.9 21.2 21.1 0.3 1
woodland LCC 20.9 20.1 205 —-0.8 -4
HCC 20.9 195 208* 14 -7
Moderately NCC 16.2 14.6 150 -16 -10
dense LCC 16.2 135 147 2.8 -17
herb/bush HCC 16.2 12.8 14 -34 =21
Cultivated NCC 21.4 20.6 20.8 -0.9 -4
savannas LCC 21.4 17.6 1997 -3.8 -18
HCC 21.4 16.5 19%* —4.9 -23

& Average for the 21st century.

b Change percentage of carbon stock by the year 2100 based on that in 2000.
NCC, LCC, and HCC represent no, low, and high climate change scenarios, respectively.
*, * and*** represent significant difference made in mean C stock by either LCC or HCC from that under [¢€0.4&f 0.05, and 0.01,

respectively.

scenarios will result in significant differences in SOC stock The data presented in Figs. 5 and 6 show an interaction

with no and very low N fertilization only. But such differ-

between N and C elements in biomass and soil organic mat-

ences will become insignificant with increasing N fertiliza- ter. In fact, the photosynthetic requirement of plants for N,
coupled with relatively low levels of available N in many ter-
restrial ecosystems, causes C uptake and storage on land to
be tightly regulated by the N cycle (Vitousek and Howarth,

tion rates regardless of climate change scenarios.
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Table 4. Crop yields in response to N fertilization rates under projected climate change scenarios from 2000 to 2100 at the district scale.

Crop Climate change scenario  Nitrogen use rate 2000 2100 Med&tdev TTest Chande
Mg Chal vs. N4 (%)
Maize NCC N4 149 1.32 1.42 0.10 -11
N30 149 1.88 1.77 0.09* 26
N60 149 217 2.04 0.1a* 46
LCC N4 149 1.30 1.40 0.05 -12
N30 149 1.79 1.69 0.14* 20
N60 149 211 2.04 0.1%* 42
HCC N4 149 1.07 1.23 0.16 —28
N30 149 1.67 1.66 0.14* 12
N60 149 1.90 1.99 0.1a* 27
Cocoyam NCC N4 8.48 8.94 8.58 0.39 5
N30 848 11.23 10.97 0.B5° 33
N60 8.48 14.67 13.94 1.19* 73
LCC N4 848 832 865 0.15 -2
N30 848 1099 10.80 0.B% 30
N60 8.48 1452 13.83 1.2%* 71
HCC N4 848 758 8.36 0.38 -11
N30 8.48 10.50 10.68 0.5 24
N60 8.48 1410 13.74 1.28¢ 66
Cassava NCC N4 9.64 980 951 0.39 2
N30 9.64 10.56 10.37 0.19* 9
N60 9.64 1249 1210 0.6 29
LCC N4 9.64 964 9.75 0.06 0
N30 9.64 10.35 10.29 0.17* 7
N60 9.64 1234 1197 0.6 28
HCC N4 9.64 8.84 950 0.29 -8
N30 9.64 9.80 10.11 0.26* 2
N60 9.64 1189 11.84 0.55° 23

@ Average grain yield for the 21st century.

b Change percentage of grain yield by the year 2100 based on that in 2000.

NCC, LCC, and HCC represent no, low, and high climate change scenarios, respectively.
N4, N30, and N60 refer to nitrogen fertilization rates of 4, 30, and 60 kgNha1, respectively.
* % and™** represent significant difference in meangat0.1, 0.05, and 0.01, respectively.
The difference in mean yield between N30 and N60 were tested significartad1.

1991). Thus the nutritional demand of plants for N has to becultivated soils such as grassland (Schimel, 1986). Once
met through decomposition of soil organic matter (or soil N fertilizer N is added to soils, especially to soils with low N
mineralization) if no external N supply is available. It has availability, crops preferably use the fertilizer-N and do not
become a common measure to increase crop production bgecessarily take N from the decomposition of soil organic
applying N fertilizers even though fossil-fuel emissions and matter. On the other hand, increased N input enhances crop
biomass burning have led to a significant addition of N to ter-biomass formation of both above- and below-ground com-
restrial ecosystems worldwide (Matson et al., 2002). And itponents, which is likely significant for soils with low soil N
has been also proven that an addition of N to most of culti-contents, because N-limited systems initially retain anthro-
vated lands is an important measure to sequester atmospheipogenic N by using it for plant and microbial growth as well
C into soils (Christopher and Lal, 2007). as accumulation in biomass and soil organic matter (Matson
et al., 2002; Christopher and Lal, 2007). That is why our

The ratio of C and N in a given soil is relatively sta- ) .
ble. That means both C and N components in soil Organicstudy shows that crop yields and SOC stocks tend to increase

matter are proportionally coupled. Normally, cropland soil W|th_ increased N fertlllzathn rates. Becagse our model sim-
has higher N mineralization rate because of higher N re_ulatlon results came out with an assumption that each N fer-

quirements of crops (such as corn) in comparison with non-lilization rate scenario was set with no changes in all other
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Table 5. Responses of soil organic C budgets in all cropping systems to nitrogen fertilization rates and projected climate change scenarios
during the 21st century at the district scale.

Climate change scenario  Nitrogen use rate 2000 2100 #Meadtdev T Test ChanQe
Mg C hal vs. N4 (%)

NCC N4 214 206 20.8 0.4 —4
N30 21.4 241 245 O¥7* 12

N60 214 28.0 27.6 15* 31

LCC N4 214 176 196 1.3 —18
N30 214 209 21.9 o'z -2

N60 21.4 251 25.3 g 17

HCC N4 214 165 191 1.7 -23
N30 214 200 216 o's* -7

N60 214 246 249 O'g* 15

@ Average soil organic carbon stock for the 21st century.
b Change percentage of soil organic carbon stock by the year 2100 based on that in 2000.
NCC, LCC, and HCC represent no, low, and high climate change scenarios, respectively.
N4, N30, and N60 refer to nitrogen fertilization rates of 4, 30, and 60 kgﬂlya‘l, respectively.
*** represents significant difference in meang a0.01.
The difference in mean soil organic carbon stock between N30 and N60 were tested significa@iQit.

Table 6. Partial correlations of both SOC stock and crop yields to climate variables under low and high climate change scenarios projected

for the 21st century.

Climate change scenario

Driving variable

Partial Correlation Coefficient

Cultivated savanna Woodlands Crop Yield

LCC Annual precipitation 0.50 0.82** —0.57**

Mean annual mintemp  0.35 0.68** -0.16

Mean annual max temp —0.07 0.22 —0.42*
Statistics % of variance explained 98 96 44

F value 338 198 4

Pr>F <0.0001 <0.0001 <0.0132
HCC Annual precipitation 0.35 0.73* —0.40¢

Mean annual mintemp —0.25 0.42 —0.10

Mean annual max temp  0.05 -0.17 -0.13
Statistics % of variance explained 99 98 55

F value 593 336 6

Pr>F <0.0001 <0.0001 <0.0015

LCC, low climate change scenario; HCC, high climate change scerfarid, and*** represent significant at<0.1, 0.05, and 0.01 level,

respectively.

management practices, the responses of SOC stocks illuglifferent if any changes in other management practices are
trated in Fig. 6 can be mainly attributed to the N fertilizer- simultaneously introduced. For example, retained residue
enhanced increment in biomass. This can be seen by contan further aid the maintenance of SOC and SON in crop-
paring both Figs. 5 and 6 but the responses to N fertilizationping systems as would fallow, mulching, manuring and other
will become weaker with an accumulation of SOC and ac-management systems (Tschakert, et al., 2004).

companying N. Those temporal trends may be significantly

Biogeosciences, 6, 458, 2009
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4 Sensitivity of SOC dynamics and crop yields progressive warming and decreasing precipitation as the cen-
to climate change scenarios tury proceeds, suggesting that adaptive management strate-
gies need to be developed to sustain food security. This is
We applied the univariate multiple regression model (SASsimilar but not as dramatic as the crop failures simulated for
Institute, 2003) to identify the correlations of either the SOC south-central Senegal. In sum, we draw the conclusions as
budget or crop yield to climate variables. The statistics pre-follows:
sented in Table 6 indicate that the SOC stock during the 21st _ ) _
century will significantly depend on the changes either in (1) Deforestation for crop production has resulted in a sub-
precipitation, temperature, or in both if there is no change  Stantial reduction in both ecosystem C and SOC stocks
in land use and management. The sensitivity, however, de-  &Cross the Ejura-Sekyedumasi district of Ghana during
pends on the nature of ecosystem and climate change sce- the 20th century.
nario. Generally, the variation in precipitation determines )
the SOC budgets in both natural and managed ecosystems.
An increase in temperature tends to enhance SOC decompo-
sition, especially in managed lands. On the other hand, crop
yields show significantly differences in response to these cli- (3) Low N fertilization rate has been the principal constraint
mate variables. Crop yields rely less on climate variables on current crop production, and to increase N fertiliza-
than do SOC budgets, implying some more critical drivers tion would be a critical adaptive management measure
behind, of which N supply rate should be one as indicated  to achieve food security and agricultural sustainability
by the simulation results from N fertilization scenarios pre- in the 21st century.
sented in Table 4 and Fig. 5. Meanwhile, progressive warm-
ing tends to jeopardize crop production, especially with low (4) Adaptation strategies for climate change in this study

The adverse impacts of climate change on the SOC
stock in croplands could be offset to some extent by N
fertilization at 30 kg N hal yr—1 or higher rates.

N fertilization rate (N4) under HCC scenario. However, this area require national plans to support policies and prac-
kind of impact can be significantly offset by increasing N tices that provide adequate N fertilizers to support soil
application rate. The climate changes projected for the fu- ~ C and crop yields and to consider high temperature tol-

ture may not necessarily have a severe impact or control on ~ €rant crop species if these temperature projections are
ecosystem C fluxes and crop production in this study area.  €xceeded.
Adaptation strategies for the climate changes examined in

this study illustrate the great need to insure adequate fertjl/\Cknowledgementsthis - is a - contribution of ~SEMSOC

izer inputs to sustain soil C levels and crop yields. Hi her(AEGPOOO300013OO)’ funded by the US Agency for Inter-
P . . Py - FIgNer b ational Development (USAID)/Climate Change program, Bureaus
temperatures would also require atention to more temperag,, conomic Growth, Agriculture, and Trade (EGAT) and Africa

ture tolerant crop species. Bureau. Research was integrated with the Geographic Analysis and
Monitoring (GAM) and the Earth Surface Dynamics programs of
the USGS. The authors thank Zhengpeng Li for assistance in model

5 Summary implementation. Zhengxi Tan was supported under USGS contract
03CRCNOO001.
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have been transformed to open cultivated savanna or are de-
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