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1. Introduction

ABSTRACT

Agricultural land around the world is often potassium (K) deficient, and decreasing soil K availability is
a global challenge for grain producers. In China, negative K budgets are ubiquitous and K depletion is
accelerating. Previous studies have mainly focused on the effect of insufficient K fertilizer on single soil
types and cropping systems but have not evaluated the effects of balanced fertilizer application on K
budgets. In this study, soil K budgets of grain producing soils and the effects of K fertilizer application on
crops under different cropping systems and soil types were evaluated from 1992 to 2006. Two treatments
each at nine locations in North China were replicated four times, four plots received nitrogen (N) and
phosphorus (P) fertilizer application exclusively, and the other four plots received N, P, and K fertilizer
application. Basic soil properties, available K, slowly available K, crop rotations, crop K absorption, and
yield were monitored and evaluated and K budgets and K use efficiencies were calculated. Average annual
K absorption by crops with K fertilizer application was 230.2 kgha~! K,0, and the average annual deficit
was 46.8 kgha~! K,0. Long-term application of K fertilizer increased available soil K on all nine sites by
an average of 35.7mgkg~'. Annual K absorption by crops averaged 99.0 kgha~! in the northeast region,
181.2kgha! in the north-central region, and 220.9 kgha~! in the northwest region. Annual K fertilizer
use efficiency in the northeast (39.9%) and north-central (38.8%) regions were higher than in the north-
west (17.8%). Correlations between annual K budgets and K use efficiency with fertilizer application, crop
rotation, and soil type were weak. High spatial variability and low correlation between variables is a result
of the complex mechanisms of K cycling. Research directions are proposed which would contribute to a
better understanding of these mechanisms and processes and how they affect agronomic and economic
objectives.

© 2011 Elsevier B.V. All rights reserved.

38% of samples had K values below recommended levels according
to Chinese testing standards. A study by the National Soil Survey

Potassium (K) deficiency is a world-wide problem (Dobermann
et al., 1998). In Europe, 25% of soils routinely test low in available K
(Johnston, 2003) and the majority of soils in sub-Saharan Africa test
low in available K (Smaling, 1998). At the same time, the K status of
agricultural soils is also decreasing across the globe, from Europe
(Fagerberg et al., 1996; Bengtsson et al., 2003), to Africa (Harris,
1998; Wortmann and Kaizzi, 1998), to Asia (Hedlund et al., 2003;
Wijnhoud et al., 2003), and North America (Malo et al., 2005).

In China, due to limited arable land and the necessity to increase
production to ensure national food security, nitrogen (N) and phos-
phorus (P) fertilizer recommendations and subsequent application
have increased annually (Gao et al., 2006). At the same time, K
fertilizer application is increasingly inadequate. Zhao et al. (2008)
found that in a county-wide survey in the Yangtze Delta Region,
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Office (1998) found that 40% of agricultural land in South China was
deficient in K.

Potassium deficiency in China has been well correlated with
excess N and P application (Wang et al., 2008; Liu et al., 2009). This
is partially because the majority of K fertilizer in China is imported
and therefore cost prohibitive (Wang, 1996; Sheldrick et al., 2003)
and because farmers are not aware of the economic benefit of K
fertilizer application. Some farmers suppose that N and P applica-
tion increases yield infinitely (Hu et al., 2007); and application of
K fertilizer does not produce results as quickly as N and P fertilizer
application, causing farmers to question the value of K fertilizer
application (Jin, 1997).

Soil Kis not only low in China, it is also decreasing (Li et al., 2002;
Suo et al.,, 2002; Zhang et al., 2010). Soil fertility tests have shown
that available soil K is declining, nation-wide, especially in already
infertile soils (Xie and Zhou, 1999). Wang et al. (2008) found that on
intensively cultivated vegetable plots in the Yangtze Delta Region,
K balances in some areas were as low as —500 kg ha—!. Available K
decreased by 21% on arice—~wheat cropping system in Zhangjiagang
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Fig. 1. Location of the nine study sites in North China.

County (Darilek et al., 2009), where decreasing soil K is, reportedly,
one of the top fertility concerns (Sheldrick et al., 2003; Gao et al.,
2006)and TK decreased by 9% on agricultural land in Suzhou over an
18 year period (Li et al.,2007). Zhang et al. (2010) reported negative
annual K balances on rice/wheat systems, even when K fertilizer
application was applied at rates which resulted in a 20% increase
of yield.

Recent studies have also shown that K fertilizer application is
greatly improving production in China (Jiang et al., 2006), and par-
ticularly in the major grain producing areas of North China (Liu
et al., 2000; Lin et al., 2006). Other studies have highlighted the
importance of balanced K application for sustainable agricultural
development (Singh et al., 2002; Liu et al., 2009). In Northern Shan-
dong Province, K balance in one wheat-maize rotation study was
—163 kgha~!year~! (Juetal.,, 2007) and in Heilongjiang, K balance
was —20.1 kgha~!year~! (Zhou et al., 2000). Another county-wide
study in Hebei found that available K decreased by 64.9 mgkg~!
from 1980 to 1999 (Kong et al., 2006). However, these studies have
mainly focused on single soil types and cropping systems. There
is still a lack of understanding of K balance in grain producing
soils of different soil types and under various popular fertilizer and
crop rotation programs in North China. Additionally, although these
studies called for balanced fertilizer application ratios and have
evaluated the results of improper nutrient input, few of these stud-
ies have evaluated the results of fertilizer application which follows
these recommendations. Without this knowledge, the economic
and agronomic benefits of K fertilizer application for different
regions and under different management strategies cannot be fully
evaluated.

In this study, soil K budgets of grain producing soils and the
effects of K fertilizer application on crop yield and soil K availabil-
ity under different cropping systems and soil types were evaluated
from 1992 to 2006. This investigation contributes to a more com-
prehensive understanding of the soil K status under current and
recommended agricultural production practices, and provides a
new, robust foundation for further research to answer critical soil K
issues in North China and similar intensive grain producing regions
around the world.

2. Materials and methods
2.1. Experimental sites

Nine sites, representative of different areas of North China,
were selected for research (Fig. 1). Shuangcheng, Gongzhuling, and
Shenyang represented the northeastern provinces of Heilongjiang,
Jilin, and Liaoning, respectively; Xinji, Luoyang, and Linfen

represented the north-central provinces of Hebei, Henan, and
Shanxi, respectively; and Yinchuan, Xining, and Changji rep-
resented the northwestern provinces of Ningxia, Qinghai, and
Xinjiang, respectively (Table 1). Each crop was sampled annually at
each site from 1992 to 2006 and soil was sampled in 1992 and 2006.
Crops were local high-yield varieties, and management followed
local best management practices. Xinji, Luoyang, and Yinchuan
each had crop rotations and the other six sites were monoculture.

2.2. Experimental design

Each site had eight plots. Four plots at each site received only
N and P fertilizer application according to the rates in Table 2, and
four plots received N, P, and K fertilizer application according to the
rates in Table 2. Application rates of N and P fertilizers were deter-
mined in 1992 at each site according to popular local practices and
remained constant through 2006. Application of K fertilizer was
determined based on crop yield, crop rotation, and K nutrient status
of the soils in 1992 at each site according to prudent recommen-
dations and remained constant through 2006. Fertilizer types were
CO(NH;),, Ca(H2P0O4),, and KCl for N, P, and K, respectively.

2.3. Chemical analysis

Each plot was divided into four sections and the entire crop
in each section was harvested and measured annually. Seed and
straw subsamples were dried, ground, sieved, and digested in
concentrated sulfuric acid and hydrogen peroxide (Lindner and
Harley, 1942). Potassium concentrations were then determined
using atomic absorption spectrometry (Wright and Stuczynski,
1996).

Topsoil samples (0-20cm) (n=12) were collected after har-
vests in 1992 and 2006. Subsamples were mixed, dried, and sieved
through a 1 mm sieve. Soil mineralogy was determined using X-ray
diffraction (Whittig and Allardice, 1986); soil pH was determined in
a water:soil ratio of 2.5:1 with a pH electrode; CEC was determined
using the ammonium acetate method (Sumner and Miller, 1996);
soil inorganic N was determined by steam-distillation reduction
to nitrate and then determined by titration with standard acid
(Mulvaney, 1996). Soil P was determined using the Olsen method
(Olsen and Sommers, 1982). Organic matter was determined using
the wet combustion method (Nelson and Sommers, 1996). Soil
texture was determined using the hydrometer method (Gee and
Bauder, 1986).

Total K was digested in a nickel crucible with sodium hydrox-
ide at 750°C (Lu, 1999). Available K (also known as exchangeable K)
was determined using the ammonium acetate method (Helmke and
Sparks, 1996). Non-exchangeable K was determined using the nitric
acid extraction method (Helmke and Sparks, 1996). All K deter-
minations were conducted using atomic absorption spectrometry
(Wright and Stuczynski, 1996). Slowly available K was calculated
by subtracting available K from non-exchangeable K.

2.4. Statistical analysis

All data was subjected to analysis of variance appropriate to
the experimental design. T-tests were conducted to test the signif-
icance of the treatment differences. Microsoft Excel and DPS7.05
were used for all statistical analysis. Annual K budgets were calcu-
lated by subtracting K crop removal (kg ha~1) from total K fertilizer
application (kgha~! K,0) and annual K efficiency indexes were
calculated by dividing annual K fertilizer application by annual K
crop removal. Annual K budgets and use efficiency indexes were
reported as kgha~! K,0. Average annual K crop removal (kgha!
K,0)was calculated by multiplying the above ground plant biomass
(kgha=1) by crop K concentrations. Potassium fertilizer effect on
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Table 1

Soil and climate of soil at nine sites in North China.
Site location Soil order? Soil texture Mineralogy hierarchy Altitude (m) Avg. annual rainfall Avg. annual

(mm) temp. (°C)

Shuangcheng Isohumosol Sandy loam Montmorillonite > mica > chlorite > quartz 175 480 3.5
Gongzhuling Isohumosol Clay loam Vermiculite > mica kaolinite > quartz 225 572 5.6
Shenyang Cambosol Sandy clay loam Mica > quartz > kaolinite > vermiculite 51 722 8.1
Xinji Cambosol Loam Vermiculite > mica > chlorite > quartz > kaolinite 35 488 125
Luoyang Luvisol Clay loam Mica > montmorillonite > chlorite > quartz 353 546 14.2
Linfen Luvisol Loam Mica > montmorillonite > chlorite > quartz 1035 498 12.6
Yinchuan Anthrosol Clay loam Mica > kaolinite > quartz > chlorite > vermiculite 1111 152 8.5
Xining Luvisol Loam Mica > chlorite > quartz > vermiculite 2295 368 59
Changji Aridosol Sandy loam Mica > kaolinite > vermiculite > quartz 1748 215 8.5

2 According to Chinese Soil Taxonomy (2001) (CST).

Table 2

Fertilizer application and crop rotations at nine sites in North China from 1992 to 2006.

Site location Fertilizer application (kgha=') Number of applications Crop rotation Plot size (m?)
N P,05 K;0
Shuangcheng 172 110 112.5 1 Spring maize 30
Gongzhuling 225 113 112.5 1 Spring maize 40
Shenyang 300 150 112.5 1 Spring maize 43
Xinji 225 90 150 2 Wheat/maize 50
Luoyang 225 180 150 2 Wheat/maize 30
Linfen 195 105 150 1 Winter wheat 33
Yinchuan 110 103.5 150 2 Wheat/maize 34
Xining 110 55.2 150 1 Winter wheat 25
Changji 144 103.5 112.5 1 Wheat/maize 40

use efficiency was calculated by subtracting K uptake for treat-
ments without K fertilizer from K uptake for treatments with K
fertilizer divided by K fertilizer application. To compensate for vari-
ation among years, available and slowly available K differences
between the beginning and end of the study period were calculated
by subtracting the average of the last three years by the average of
the first three years.

3. Results
3.1. Potassium absorption by crops

Regardless of fertilizer application, crop rotation, and soil type,
K balances on all sites were negative. Average annual K absorp-
tion by crops was 230.2 kgha~! K,0 and the average annual deficit
was 46.8 kgha~! K,0. There was no discernable trend to explain
annual K budgets and K use efficiency on the nine sites. The K
deficit was higher in the north-central region than the northeast
region. Annual K absorption by crops was higher in treatments
with K fertilizer application than those without K fertilizer applica-
tion (Fig. 2 and Table 5). Within treatment, annual K absorption
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Fig. 2. Average annual K crop removal in treatments with no K application of nine
sites in North China from 1992 to 2006.

was significantly higher in locations where annual K applica-
tion was 300kgha~! K,0, which were also the areas that had a
wheat/maize rotation; however, the annual K budgets and balance
indexes of K were not well correlated with annual K application
(Table 5). Annual K absorption by crops averaged 99.0kgha~! in
the northeast region, 181.2kgha~! in the north-central region,
and 220.9kgha~! in the northwest region. The northwest region
had the highest regional annual K deficit (—67.7 kgha~! K,0), fol-
lowed by the north-central region (—41.4 kg ha—1 K,0), followed by
the northeast region (—31.4 kgha~! K,0). Potassium balance index
ranged from 0.59 in Changji to 1.00 in Linfen.

3.2. Temporal variation of topsoil K

Basic soil properties were analyzed in 1992 (Table 6). Long-term
application of K fertilizer increased available soil K on all nine sites
by an average of 33.8mgkg~! (Table 3). Except for Gongzhuling,
available K plus slowly available K were higher at every site with
application of K fertilizer. Available K decreased on six of the nine
sites which did not receive K fertilizer application and available soil
K during the study period on sites which did not receive K fertilizer
application was —3.6 mg kg~!. Slowly available soil K increased on
five of the nine sites which received long-term application of K fer-
tilizer and the overall difference was 21.0 mg kg~ (Table 4). Slowly
available soil K increased on four of the nine sites which received
no K fertilizer and the overall difference was —41.2 mgkg~!. Com-
paring the difference between NP and NPK treatment effects on
available soil K by region, K fertilization increased available soil K by
23.4mgkg~1,53.0mgkg!,and 30.8 mgkg~!, and increased slowly
available soil Kby 30.2 mgkg1,93.1 mgkg~!,and 72.8 mgkg~1, for
the northeast, north-central, and northwest regions, respectively.

The capacity of the soil to release K increased along a gradient
from the northeast to the northwest, and K fertilizer use efficiency
variation is inversely correlated (Fig. 3). Annual K fertilizer use effi-
ciency in the northeast (39.9%) and north-central (38.8%) regions
were higher than in the northwest (17.8%), utilization efficiencies
among the three sites of the northeast were not significantly differ-
ent. In north-central China, K fertilizer use efficiency was relatively
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Table 3
Temporal variation of soil available potassium at nine sites in North China.
Site location Treatment Available K (mgkg~')
1992 1993 1994 2004 2005 2006 Difference?
Shuangcheng NP 164.2 163.9 163.5 159.8 159.5 1594 -43
NPK 164.2 166.3 167.1 177.4 176.9 178.4 11.7
Gongzhuling NP 158.6 158.3 157.7 152.3 151.8 1514 -6.4
NPK 158.6 158.8 159.2 162.6 163.5 161.7 3.7
Shenyang NP 85.3 84.8 84.4 78.1 77.7 771 -7.2
NPK 85.3 87.6 89.4 117.5 1189 120.6 31.6
Xinji NP 99.1 98.6 97.9 91.8 91.2 90.6 -7.3
NPK 99.1 101.3 104.1 131.8 133.2 134.8 31.8
Luoyang NP 128.8 1284 128 123.7 1233 122.5 -52
NPK 128.8 130.5 133.8 159.7 161.5 163.8 30.6
Linfen NP 1379 140.1 141.9 162.5 164.2 165.7 242
NPK 1379 150.2 162.1 233.8 2429 250.7 92.4
Yinchuan NP 129.4 129.9 131.2 146.6 147.3 148 171
NPK 129.4 1325 135.6 173.8 176.9 178.1 43.8
Xining NP 1773 174.8 170.6 130.5 127.7 1254 -46.4
NPK 177.3 178.1 178.9 185.4 186.6 188.7 8.8
Changji NP 198.8 199.3 199.6 201.5 200.7 203.8 2.8
NPK 198.8 199.7 201.4 205.9 206.3 207.1 6.5

2 Difference is the average of years 1992-1994 subtracted from the average of years 2004-2006.

Table 4
Temporal variation of soil slowly available potassium at nine sites in North China.
Site location Treatment Slowly available K (mgkg~1)
1992 1993 1994 2004 2005 2006 Difference?
Shuangcheng NP 937.2 937.8 941.2 951.8 953.2 954.5 14.4
NPK 937.2 941.5 943.8 984.6 986.4 989.7 46.1
Gongzhuling NP 1065.4 1054.9 1045.7 1060.1 1055.8 1065.6 52
NPK 1065.4 1048.7 1053.8 1057.5 1068.7 1032.3 -3.1
Shenyang NP 890.4 891.2 891.8 901.9 902.9 903.3 11.6
NPK 890.4 897.8 903.4 962.8 967.1 971.8 70.0
Xinji NP 1070.7 1061.9 1053.6 933.2 920.8 911.9 —140.1
NPK 1070.7 1067.7 1068.2 1043.6 1040.2 1038.6 -28.1
Luoyang NP 1104.5 1098.1 1093.5 1021.3 1014.6 1008.2 -84.0
NPK 1104.5 1104.2 1103.8 1090.7 1090.5 1089.8 -13.8
Linfen NP 1149.3 1146.5 1143.7 1096.4 1093.1 1089.1 -53.6
NPK 1149.3 1151.2 11534 1174.6 1178 1180 26.2
Yinchuan NP 1087.3 1083.4 1078.9 1015.2 1013.9 1009.3 -70.4
NPK 1087.3 1090.5 1093.7 11205 1122.7 1125.2 323
Xining NP 1429.8 1421 14143 1334.2 1321.8 1310.2 -99.6
NPK 1429.8 1427.5 1428.6 1420.3 1420.2 1419.5 -8.6
Changji NP 881.8 896.2 899.3 944.8 9314 952.8 50.6
NPK 881.8 885.9 890.3 953.7 957.9 949.2 67.6

2 Difference is the average of years 1992-1994 subtracted from the average of years 2004-2006.

Table 5
Effect of long-term application of potassium fertilizer on potassium balances of nine sites in North China from 1992 to 2006 (kgha~! K,0).
Region Site location Annual crop absorption Annual soil budget K balance index Regional annual soil budget
Northeast Shuangcheng 117.2 £ 16.3 -4.7 0.96 + 0.13 -314
Gongzhuling 141.1 £ 383 -28.6 0.80 + 0.34
Shenyang 173.3 £ 58.6 -60.8 0.65 + 0.24
North-central Xinji 379.5 + 110.8 -79.5 0.79 + 0.17 -41.4
Luoyang 344.6 + 22.8 —44.6 0.87 £+ 0.06
Linfen 150.1 + 28.8 -0.1 1.00 + 0.17
Northwest Yinchuan 376.8 + 114.8 -76.8 0.80 + 0.18 —67.7
Xining 197.8 £ 28.5 -47.8 0.76 £+ 0.12
Changji 191.0 £ 79.6 -78.5 0.59 £+ 0.31
Table 6

Basic topsoil (0-20 cm) properties of North China in 1992.

Site location pH CEC (cmol kg 1) Total N (gkg™1) OM (gkg™1) Alkaline hydrolysis N (mgkg~1) Available P (mgkg1) Total K (gkg™1)

Shuangcheng 7.7 26.4 1.78 29.8 38 37 19
Gongzhuling 6.4 21.6 1.24 21.2 46.4 101.2 20
Shenyang 6.3 14.6 0.99 17.3 275 56.4 20.5
Xinji 7.7 15.2 1.05 14 37.6 19.1 18
Luoyang 7.6 15.1 0.97 131 329 18.6 19.5
Linfen 7.8 14.8 0.86 12.6 35 24.8 18
Yinchuan 7.8 10.8 0.97 115 28.6 31.8 20
Xining 7.6 13.8 1.27 183 338 90.4 20

Changji 7.5 15.5 1.01 16.8 36.8 234 215
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Fig. 3. Average annual K fertilizer use efficiency of nine sites in North China from
1992 to 2006.

higher in the crop rotation systems of Xinji (61.2%) and Luoyang
(42.8%), and lower in Linfen (12.3%). Potassium fertilizer use effi-
ciency was lowest in the northwest, and there was no significant
difference among the sites in this region.

3.3. Potassium fertilizer effect on crop yield

The effect of K fertilizer application on maize yield was signifi-
cant among the three regions (Table 7). In Shuangcheng, significant
maize yield response to K application was found starting in the
first year, in Gongzhuling significant yield response to K was found
starting in the third year, and in Shenyang maize yield response to K
application was unstable from 1993 to 2006. Yield effect of K appli-
cation was similar in Xinji and Luoyang, which showed significant
difference between the two fertilizer treatments in the seventh year
of the study. It appeared that maize was more sensitive to K appli-
cation than wheat, and significant yield increase occurred one year
earlier for maize than wheat. In Linfen, yield effect of K application
was not significantly different among years except 2000, 2001, and
2005. Effect of K fertilizer application on yield varied widely in the
northwest. In Yinchuan, yield effect of K fertilizer was significant in
maize starting in 2000 and in wheat starting in 2002. No significant
yield increase from K application was found in Xining. In Changji,
K fertilizer had a significant yield effect on maize starting in 1995
and had no effect on wheat during the study period.

Application of K fertilizer significantly increased yield of wheat
and maize to varying degrees, except wheat in Xining. Among these
sites, there was significant yield increase on maize in the three sites
of the northeast, in Xinji of the north-central China, and in Changji
of the northwest; and significant yield increase to a lesser degree on
crops in Luoyang and Linfen of north-central China and in Yinchuan
and Xining of the northwest. Comparing the three regions, K fertil-
izer application effect on yield was higher in the northeast than in
the north-central and northwest regions (Fig. 4).

4. Discussion
4.1. Soil K balances

Negative K budgets on every site in the study, regardless of K
fertilizer application, underscores the necessity of adequate and
appropriate K supply to the soil. Lin et al. (2006) also found neg-
ative K balances for wheat and maize on the North China Plain
despite K fertilizer application, however, application rates in that
study were 105 kg ha—! and 45 kg ha~! for wheat and maize, respec-
tively. Similarly, Ju et al. (2007) found a negative K balance of
163kgha~!year-! on a wheat/maize rotation system receiving
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Fig. 4. Effect of K fertilizer on average yield from 1992 to 2006 at nine sites in North
China.

38kgha~!year—! K fertilizer application on the North China Plain.
Zhang et al. (2010) applied inorganic and organic K on a rice/wheat
system at rates of 90-180kgha~! year—! and had average annual
negative K balances of —27 to —86kgha~!. Our study shows that
negative K balances persist on wheat/maize rotation systems, even
when K application rates are as high as 300 kg ha—!; with wheat cul-
tivation, when K application rates are 150 kg ha~!; and with maize
cultivation, when K application rates are 112.5kgha~1.

Many studies have suggested balanced N:P:K application ratios
(Sheldrick et al., 2003; Gao et al., 2006; Lin et al., 2006; Darilek
et al., 2009), however soil K was still unbalanced in the treatments
receiving K fertilizer application after 14 years of what many of
those studies consider balanced N:P:K application ratios. Vitosh
et al. (1989) suggested a 3:1:3 ratio for wheat, yet plots in this
study which received K fertilizer had K application ratios similar to
or higher than this recommendation.

One possibility is that K on these sites is being lost to luxury con-
sumption (Goulding, 1983; Nishanth and Biswas, 2008). Generally,
the capacity of the soil to release K increased along a gradient from
the northeast to the northwest. Therefore, the use efficiency of K
fertilizer varied by location of the cropping systems, perhaps largely
as a result of mineralogy and climatic differences. From northeast
to northwest, total K absorption by crops increased and the capac-
ity of the soil to supply K increased during the study period. The
differences in this study between annual K budgets and crop types
directly relate to the results of Dong et al. (2005) which found high
K absorption rates in wheat straw. On the other hand, K absorp-
tion rates in this study are within what is considered normal for
maize, wheat, and maize/wheat rotation (Goulding, 1983; Haby
etal.,, 1990). Luxury uptake in this study is also ambiguous because
K fertilizer application improved yield to some degree on every site
except, arguably, Shenyang and Xining.

4.2. Available soil K

At the same time, available soil K and slowly available soil K
increased or only slightly decreased on many of the plots in this
study. This is an abnormal trend compared to other similar studies
in China (Xie and Zhou, 1999; Darilek et al., 2009). Also, available
soil K in this study is within what many studies consider adequate
and even optimal for maize and wheat production (Rehm et al.,
1985; Haby et al., 1990) and on some plots available K increased
even when soil K balance was negative.

This implies that K fertilizer application is not the only source
of K for crop absorption. The primary source of K for crops on
fields which do not receive fertilizer application is weathering of
parent material. Sheldrick et al. (2003) estimated that 41% of K
crop absorption comes from soil K reserves. Wheat absorbs more
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Table 7
Effect of K fertilizer application on crop yield at nine sites in North China (T-test).
Site location Crop 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006
Shuangcheng Maize - - - - - - - - - - - - - -
Gongzhuling Maize
Shenyang Maize
Xinji Wheat
Maize
Luoyang Wheat
Maize
Linfen Wheat
Yinchuan Wheat
Maize
Xining Wheat
Changji Wheat - - - - - - -
Maize - ! - : - - - - -

Blank denotes no significant difference. -: no data.
" Significant difference at p<0.05.
™ Significant difference at p<0.01.

nonexchangeable K in the rhizosphere than soil solution K fur-
ther from the roots (Miller, 1988). Feldspars and micas contain
70-150gkg~! K (Malavolta, 1985) and weathering of these min-
erals contributes considerable amounts of K to soil solution (Haby
et al., 1990). On all nine sites in our study, micas were either the
primary or secondary mineral. Research has also shown that silt
(Mengel and Kirkby, 2001) and subsoil K (Woodruff and Parks,
1980) may also be significant sources of K uptake for crops.

To a large extent, soil mineralogy also greatly affects soil K
equilibrium and fixation. Soil mineralogy significantly influences
cation exchange capacity and K saturation of the exchange complex
(Goulding, 1983). This means that soils of differing mineralogy have
starkly different K buffering capacities. Also, K in solution tends to
be in equilibrium with available K, which tends to be in equilibrium
with nonexchangeable K (Beckett, 1964). Therefore, K fixation, or
conversion from available K to nonexchangeable K, maintains the
K status of soils by reducing leaching and luxury consumption, but
also reduces the short-term effectiveness of K fertilizer applica-
tion because as available K increases, equilibrium moves toward
nonexchangeable pools.

All of this suggests that it may not be agronomically or eco-
nomically advantageous to apply K fertilizer based on K budgets
alone, as these can be misleading about the actual K status of
the soil. If nonexchangeable K and K buffering capacity are high,
nonexchangeable K may be able to supply some K to crops over an
extended period of time. Additionally, if high Kapplication rates are
causing increased fixation and yields are not limited by K, it may
not be economically feasible to apply K fertilizer to balance K bud-
gets, particularly because K resources are limited and K fertilizer
costs continue to rise.

4.3. Spatial variation of K

Large spatial variation in this study highlights that fertilizer
application and management practices must be site specific. Com-
paring the three regions, it is evident that soil K absorption by crops
was highest in the northwest region, followed by the north-central
region, and then the northeast region, which research has shown
to be closely associated with crop yield levels and capacity of soils
to supply K in North China (Huang et al., 1998).

It is well known from a theoretical and practical standpoint
that external factors such as climate, mineralogy, pH, and texture
all play an important role in soil K concentrations and transport
(Malavolta, 1985) and that these factors must be considered before
any management decisions can be made. In this regard, the spe-
cific mechanisms of soil K balances and use efficiency in North
China are still vague. Additionally, management factors such as

fertilization rate and timing, fertilizer type, and crop rotation also
play an important role in soil K availability and transport (Zhu et al.,
2007; Tan et al., 2009). Though researchers argue that proper fertil-
izer application can increase use efficiency and minimize nutrient
movement into nontarget areas, external and management factors
taken together comprises a system which makes understanding
K budgets in North China ambiguous and management decisions
difficult.

5. Conclusions

This research confirms that soil K budgets continue to decrease,
that soil K availability and K use efficiency are highly variable, and
that the mechanisms of K cycling are highly complex. Soil Kin North
China becomes seriously depleted without application of K fertil-
izer and soil K balance continues to decrease with conventional NPK
fertilizer application. The highest removal of soil K was found in the
field trial of winter wheat-summer maize double cropping system.
Maize yield was more sensitive to K application than wheat, and
the effectiveness of K application on maize was more rapid than
wheat. Use efficiency of K fertilizer in the northeast and north-
central regions were higher than in the northwest, and also higher
in double cropping systems. There was significant spatial varia-
tion of available soil K and slowly available soil K within fertilizer
treatments, which highlights the role of external and management
factors in the mechanisms of K transfer in agricultural systems of
North China. In order to better understand these mechanisms and
processes and how they affect agronomic and economic objectives,
further research is needed on three fronts. A higher density study
of soil properties and K pools in North China may reveal significant
correlations among these variables. Regional studies using various
K fertilizer rates while tracking K budgets would help to evaluate
appropriate and sustainable K fertilizer rates for each region. And
farm-level cost/benefit analysis of K fertilizer rates and yield would
assist farmers in making well-informed management decisions.
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