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Introduction

 Central Asia is a unique region among the world’s 
agro-ecosystems, because the drastic changes of land re-
source management have arisen from major socioeco-
nomic shifts after the collapse of the Soviet Union11.  
Moreover, it is a region that has witnessed some major 
environmental catastrophes and degradation of its land 
resources2,7.  Kazakhstan accounts for around 90% of the 
total wheat production area in Central Asia6, making it 
one of the most important regions for global food produc-
tion.  Since fertile Chernozem soils cover northern Ka-
zakhstan, this region produces 70% of the national cereal 

production9.  These soils are also considered to store a 
substantial amount of soil organic carbon (SOC), func-
tioning as a huge source and sink of atmospheric carbon 
dioxide (CO2).  The Chernozem soils in northern Kazakh-
stan are therefore a vital resource from both agricultural 
and environmental viewpoints.  
 The World Bank19 reported that the SOC in the agri-
cultural ecosystem in northern Kazakhstan substantially 
declined during 35 years (1960–1995) after land reclama-
tion.  However, farm-regional scale information on the 
spatial and temporal variation of SOC dynamics and the 
related factors in northern Kazakhstan is very limited, 
even though such information is now vitally important 
for the purpose of making agro-environmental policy.  
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Therefore for this reason, farm and region have not been 
able to proclaim an innovative remedy for preventing 
SOC depletion.  
 In this study, the author intends to evaluate spatial 
and temporal variation of the SOC budget and to seek al-
ternative ways of sustainable land use in northern Ka-
zakhstan.  To achieve this final goal, this study estab-
lished the following objectives: 
1) to clarify the spatial patterns of soil organic matter 

content,
2) clarify the influence of land use on the dynamics of 

soil organic carbon in situ for the three differential 
soil classes and

3) clarify spatial and temporal variability of the SOC 
budget in a farm-regional scale.

Study area

 The main cereal farming areas of the Republic of 
Kazakhstan, where this study was conducted, are located 
in the Aqmora and Northern Kazakhstan oblasts.  The 
study area was chosen to include a central area part of 
both oblasts; 54o04’ N 69o34’ E and 50o43’ N 70o49’ E in 
the upper left and lower right corners of the area (Fig. 1a), 
respectively.  
 According to local soil classification, the chosen 
area is characterized by three different soils (Fig. 1b): Or-
dinary Chernozem (OC), Southern Chernozem (SC) and 
Dark Chestnut (DC), which are in US Taxonomy corre-
lated to Pachic Haplustolls, Typic Haplustolls and Entic 
Haplustolls, respectively.  In the area, OC is distributed 
in the lowest altitude zone of the northwest and the high-
est altitude zone of the west.  SC is distributed in the low 
altitude zone of the north to northeast and the medium al-
titude zone of medium latitude of this area.  DC is distrib-
uted only in the southern part of the study area.  
 The area was characterized by a continental climate 
with hot summers and cold winters.  According to the lo-
cal meteorological stations, mean annual precipitation 
ranged from 300 to 360 mm with large variations among 
years.  Average annual air temperature ranged from 1.5 to 
3.2oC.  
 A fallow-based crop rotation system is widely spread 
in the region, and fallow fields could occupy 29% to 33% 
of the area under crop rotation13.  Fields under fallow are 
usually mechanically harrowed several times to keep the 
land bare for protecting against weeds, capturing soil 
moisture, and nutrient accumulation to accelerate miner-
alization of soil organic matter.  This practice was also 
commonly applied in the steppe area of North America in 
which the annual precipitation is below 500 mm.  The 
standard crop rotation in northern Kazakhstan was gen-

erally adapted as a fallow with three or four years of con-
tinuous small grains cultivation: fallow-wheat-wheat-bar-
ley or fallow-wheat-wheat-barley- wheat.

Spatial pattern of soil organic matter content

 Takata et al.15 developed a method to improve the ac-
curacy of spatial prediction for soil organic matter status, 
i.e.  potential mineralizable carbon (PMC) and SOC, us-
ing secondary information, namely, elevation (ELEV), 
mean curvature (MEANC), compound topographic in-
dex (CTI), and slope (SLOPE) obtained from a digital el-
evation model, and enhanced vegetation index (VI) val-
ues obtained from a Moderate Resolution Imaging 
Spectroradiometer (MODIS).  The prediction methods 
included statistical (multiple linear regression based on 
secondary information) and geostatistical (regression-
kriging (Model-C)10 and simple kriging with varying lo-
cal means (SKlm)3) algorithms.  
 Soil sampling (518 sites: Fig. 1a) was conducted be-
tween May 2003 and August 2005.  SOC content of the 
518 sites was measured by the Tyurin method, and PMC 
content of 434 sites was determined by incubating 15 g 
soil samples for 19 weeks at an air temperature of 30°C 
and 60% water field capacity15.  
 To predict soil organic matter, 355 sites for PMC and 
458 sites for SOC were utilized.  Another group of sample 
points at different locations (n = 60) were used for testing 
each of the prediction methods; where I computed two in-
dices (the mean error (ME) and the root mean square er-
ror (RMSE)) from the observed and predicted values.
 For predicting PMC and SOC, the VI, ELEV and 
MEANC were selected as the independent variables in 
multi linear regression.  
 PMC = 1.72 + 4.27 VI＊＊ – 0.001 ELEV＊＊

  + 69.91 MEANC＊ (n = 355, R2 = 0.08)
 SOC = 28.45 + 79.27 VI＊＊ – 0.053 ELEV＊＊

  – 438.04 MEANC＊ (n = 458, R2 = 0.44)
 (*P < 0.05; **P < 0.01)
 The residuals associated with multi linear regression 
were useful for taking into account the surrounding mea-
sured data to predict PMC and SOC content using regres-
sion-kriging.  The most appropriate method for predict-
ing spatial pattern of PMC and SOC is SKlm, because the 
model validity revealed the smallest errors for this meth-
od (Table 1).  
 The highest SOC content was found in the northern 
region and the lowest content in the southern region of 
the study area (Fig. 1d).  PMC content, however, was 
highest in the mid-western region (Fig. 1c).  It is notewor-
thy that the highest SOC content zone did not coincide 
with the highest PMC content zone.  In other words, the 
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Fig. 1. Agro-environmental information of the study area 
 a) is the distribution pattern of cereal cropping and soil sampling points, b) is the topographic and soil map, c) is poten-

tially mineralizable carbon (PMC) content delineated by the SKlm method, and d) is soil organic carbon (SOC) content 
delineated by the SKlm method (Source: Takata et al.15).

  : Cereal cropping fields,  + : Soil sampling points,
  : Ordinary Chernozem,   : Southern Chernozem,   : Dark Chestnut.
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zone which has the largest sink of organic matter did not 
coincide with the largest source of CO2 on a state level.  
Conservation of soil organic matter in the highest PMC 
zones can require more careful land management.

Prediction of CO2 emission 

 Takata et al.14 studied the influence of land use (ce-
real field, summer fallow field and meadow fields) on the 
dynamics of soil organic carbon in situ for the 3 different 
soil classes (DC, SC and OC) in the area.  
 CO2 emission was measured by a trenching method 
(exclusion of root respiration) during the cropping season 
(May to September) 2002 (SC site only), 2004 and 2005.  
An alkaline absorption method was used to determine 
CO2 emission.  During the investigation period, respired 
CO2 was measured about twice a month.  At the time of 
measurement, soil temperature at 5 cm depth and volu-
metric water content (%) at 0–15 cm depth were record-
ed.  Air temperature, soil temperature, soil moisture, and 
precipitation were monitored in 2002 (SC site), 2004 (OC 
and SC sites) and 2005 (OC, SC and DC sites) using a mi-
cro logger during the cropping season.  Due to the eco-
nomic difficulties involved in monitoring soil water con-
tent daily at each site, we introduced a dryness factor, 
computed by division of precipitation by potential evapo-
transpiration (PET).  Daily PET was estimated using the 
Hargreaves-Samani equation4,5.  
 Fluctuations in CO2 emission from the soils showed 
a similar pattern to those of temperature (Fig. 2).  Land 
use markedly influenced the seasonal variation of CO2 
emission.  To estimate daily CO2 emission, a prediction 
equation of CO2 emission using stepwise multiple regres-
sion of the Arrehenius model was derived from environ-
mental soil factors by soil type and by land use type.  Us-
ing soil environmental factors, 40–80% of the total 
variation of CO2 emission could be estimated (Table 2).  
Annual CO2 emission is the summation of daily CO2 
emission from 1 April to 31 October.  Mean annual CO2 
emission of cereal fields was estimated to range from 0.75 
(DC) to 1.14 (SC) Mg C ha–1.  This estimated value is the 

same level as that for the Canadian prairie (de Jong 1974), 
while it was lower than for Eurasian Chernozem8,18.  Mean 
annual CO2 emission of fallow and meadow fields was 
estimated to range from 0.71 (DC) to 0.92 (SC) Mg C ha–1 

and from 0.61 (DC) to 1.34 (OC) Mg C ha–1, respectively.  
Annual CO2 emission of cereal and meadow fields in 
2005 was slightly higher than in 2004 at each site, be-
cause precipitation in 2005 was higher than that in 2004, 
which greatly affected water availability for soil mi-
crobes.

Spatio-temporal variation of SOC dynamics in a 
kolkhoz-scale

 Takata et al.16 evaluated the influence of crop rota-
tion and topography on the spatial and temporal variation 
of the SOC budget under cereal cropping in a kolkhoz-
scale (7,915 ha) located in a SC site.
 The study was carried out at Damsa farm, Shortan-
dy, Aqmorinskaya Oblast, from 2001 to 2005.  Yanai et 
al.20 and Takata et al.16 described the study field in detail.  
A five-year crop rotation system was grouped into six 
classes as follows: wheat-based 5-yr cereal (W-5-yr), 
wheat-based 4-yr cereal with 1-yr fallow, (W-4-yr), bar-
ley-based 5-yr cereal (B-5-yr), barley-based 4-yr cereal 
with 1-yr fallow (B-4-yr), fallow-based (F), and others 
(O).  
 Annual carbon input as plant residues was estimated 
using MODIS satellite images.  The Modified Soil Adjust-
ed Vegetation Index (MSAVI12), calculated from 
MOD09GQK and MDY09GQK products, was used for 
estimating total plant biomass.  From the field investiga-
tion, harvest index, the ratio of grain yield to total plant 
biomass, of wheat and barley were 0.326 (N = 209, R2 = 
0.67) and 0.429 (N = 24, R2 = 0.77), respectively.  In addi-
tion, carbon contents of wheat and barley residues were 
0.396 (N = 209, R2 = 0.95) and 0.412 (N = 24, R2 = 0.98), 
respectively.  These coefficients were used to calculate 
the carbon input as plant residues16.
 The daily CO2 emissions of cereal and fallow fields 
were firstly estimated using the predicted equation (Table 

Table 1.  Performance of spatial prediction methods of PMC and SOC (Validation points = 60)

Validation points Multiple Regression Model-C SKlm

Mean (Mg C ha–1) S.D. ME RMSE ME RMSE ME RMSE

PMC 2.82 0.85  2.302 0.741 –0.933 0.743 –1.188 0.723
SOC 39.4 9.15 –0.127 7.197  0.598 5.801  0.193 5.571

Source: Takata et al.15.
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Fig. 2. Daily CO2 emission, soil water content, precipitation, daily mean air temperature, and daily precipitation at OC site 
 Upper figure shows daily CO2 emission, middle figure shows soil water content and lower figure shows mean air tem-

perature (solid line) and precipitation (rods) (Source: Takata et al.14,15).
	 ×		:	Cereal,		▲ : Fallow,  □ : Meadow.

Table 2.  Coefficients determined by stepwise multiple regression analysis

Site   Coefficients  
Q10 (10–20°C) R2 n

A OM b W c Cumulative days E

DC Cereal 23.05** PMC 0.23* Precipitation 0.09**   8 42.47** 1.81 0.62** 156
Fallow 22.87** – – Dryness 0.30 15 41.42** 1.79 0.49** 60
Meadow 28.94** PMC 2.63* Dryness 0.04   8 62.04** 2.39 0.65** 34

SC Cereal 25.58** PMC 0.15 Precipitation 0.19** 15 48.31** 1.97 0.40** 417
Fallow 27.86** PMC 0.68* Dryness 0.08**   9 54.38** 2.14 0.52** 51
Meadow 29.95** – – Precipitation 0.17** 10 58.81** 2.28 0.65** 57

OC Cereal 17.34** PMC 0.33* Precipitation 0.54** 15 31.34** 1.55 0.83** 148
Fallow 28.54** – – Precipitation 0.15 15 55.84** 2.19 0.72** 45
Meadow 40.83** – – Dryness 0.36** 15 82.53** 3.18 0.74** 38

*, **: Significant at 5% and 1% levels, respectively.
CO2 = AOMbWcexp (–E/RT).
CO2: Daily CO2 emission (mol C ha–1 day–1).
A: Coefficient (mol C ha–1 day–1).
OM: SOC or PMC (Mg C ha–1).
W: Cumulative precipitation or dryness factor; cumulative days is tested from 2 to 15 days, selected by the highest R2. 
E: Activation energy (kJ mol–1). 
R: Gas constant = 8.314 (J mol–1 kg–1).
T: Soil Temperature (K).
Source: Takata et al.14.
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2; SC site).  Since CO2 emissions are simulated using 
PMC, soil temperature, precipitation, and dryness factor, 
an annual CO2 emission map can be calculated pixel by 
pixel using PMC, daily soil temperature maps, precipita-
tion maps, and dryness factor maps.  The data required 
for the equation was described by Takata et al.16.  Then, 
annual CO2 emission was calculated as the sum of daily 
CO2 emission from 1 April to 31 October.
 The annual carbon budget of all fields was then cal-
culated by subtracting annual CO2 emission from annual 
carbon input as plant residues.
 Annual C input as plant residues in cereal fields 
ranged from 1.0 to 1.6 Mg C ha–1, with higher values in 
wet years.  Annual CO2 emission in cereal fields and fal-
low fields ranged from 1.0 to 1.2 Mg C ha–1 and 0.7 to 0.8 
Mg C ha–1, respectively.  In relation to land use, CO2 emis-
sion was higher on the north-facing slope than south-fac-
ing slope, with the highest values on the higher plateau, 
and the average annual carbon budget ranged from –0.1 
to 0.3 Mg C ha–1.  
 The 5-year carbon budgets for the six crop rotation 
systems, listed in Table 3, ranged from –0.49 (F) to 1.61 
(O) Mg C ha–1, and the fallow- and barley-based systems 
were degradative.  The W-5-yr system sequestrated con-
siderable amounts of carbon into the soil.  The B-5-yr 
system, in contrast, even when excluding fallow, had a 
negative carbon budget.  Since the variety of the barley 
seeded in the study area has short stem length as well as 
drought tolerance, carbon input as barley residues could 
be lower than those of wheat residues.  Thus the B-5-yr 
and B-4-yr systems had negative carbon budgets.  These 
results indicate that fallow- and barley-based crop rota-
tion systems were depletive.

Regional evaluation of spatio-temporal variation 
of SOC dynamics

 Takata et al.17 assessed the effect of crop rotation 
system and climatic condition on the spatial and temporal 
variation of CO2 emission, carbon input as plant residues, 
and SOC budget at a regional scale in northern Kazakh-
stan, using satellite images, a geostatistical approach, and 
simulation models of CO2 emission.
 To make a crop rotation map (2001–2005), MODIS 
250 m, 16-day composite vegetation index (EVI) prod-
ucts (MOD13Q1) were used in this study.  The EVI data 
could detect the phenological difference among cereal, 
fallow and perennial grass17.  Using the EVI data, all 
ground-checked meadow fields (about 5,000 ha at the SC 
site) and fallow fields (about 4,000 ha at the SC site) for 
each year were extracted17.
 Annual carbon input as plant residues was estimated 
using MODIS satellite images.  Annual CO2 emission 
was estimated using the predicted equation (Table 2).  
The procedures are described in Takata et al.17 in detail.  
The annual carbon budget of all fields was then calculat-
ed by subtracting annual CO2 emission from annual car-
bon input.
 Annual carbon input as plant residues, annual CO2 
emission, and SOC budget during 2001 to 2005 are shown 
in Figs.  3a, 3b and 3c, respectively.  Average annual C in-
put as plant residues in cereal fields ranged from 0.9 
(2001) to 1.4 (2002) Mg C ha–1, with higher values in wet 
years.  Carbon input as plant residues was higher in the 
northern part of the area than in the others.  Average an-
nual CO2 emission ranged from 0.9 (2004) to 1.1 (2002) 
Mg C ha–1, and it was also higher in wet years than in dry 
years.  Additionally, more CO2 was emitted in the north-
ern part of this area.  Accordingly, the average annual 
carbon budget ranged from –0.2 (2001) to 0.3 (2002) Mg 
C ha–1, and showed a negative correlation with air tem-
perature during the crop growing season.  
 The 5-year results of SOC budget for each crop rota-
tion system are shown in Fig. 4.  Five-year crop rotation 
systems were grouped into three classes as follows: 5-yr 
cereal cropped without fallow (C5), 4-yr cereal cropped 
with 1-yr fallow, (F1), and 3-yr cereal cropped with 2-yr 
fallow (F2).  The SOC budget in average for each crop ro-
tation system in the DC, SC and OC zones ranged from 
–0.79 (F2) to 0.75 (C5) Mg C ha–1, –1.41 (F2) to 0.33 (C5) 
Mg C ha–1 and –1.08 (F2) to 0.17 (C5) Mg C ha–1, and it 
had a negative correlation with fallow frequency.  The C5 
system sequestrated considerable carbon into soil for ev-
ery zone, whereas F1 and F2 systems showed negative 
SOC budgets, except for F1 in the DC zone.  These re-

Table 3.  Five-year carbon budget of crop rotation systems

Crop
rotation
system

Mean cereal 
yield 

Carbon budget

Ave. Min. Max. Total carbon 
budget

(Mg ha–1) (Mg C ha–1) (Mg C)

W-5-yr 1.54 0.63 –1.95 2.27 1,256
W-4-yr 1.64 0.19 –1.86 3.33 725
B-5-yr 1.67 –0.43 –1.65 0.52 –216
B-4-yr 1.92 –0.13 –1.10 0.92 –81
F 1.67 –0.49 –1.95 2.72 –680
O – 1.61 –0.93 3.33 1,100
Total 1.65 0.27 –1.95 3.33 2,104

Source: Takata et al.16. 
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sults imply that fallow management accelerates SOC de-
pletion across the entire region.

Conclusion

 Although these results include some uncertainty due 
to the robustness of regression analysis, it is concluded 
that the spatial and temporal variation of the SOC budget 
was significantly affected by the crop rotation system in 
northern Kazakhstan.  From the agricultural and envi-
ronmental viewpoints, summer fallow should be elimi-
nated from the crop rotation system in northern Kazakh-
stan.
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Fig. 4. Box and whisker plots of 5 year soil organic carbon 
budget 

 C5 is 5-yr cereal cropped without fallow, F1 is 4-yr 
cereal cropped with 1-yr fallow and F2 is 3-yr cere-
al cropped with 2-yr fallow.  The first and third 
quartiles are at the end of the box, the lines end at 
the upper and lower 5 percentile

 (Source: Takata et al.17).




