Pedosphere  26(1): 120-129, 2016
doi:10.1016,/S1002-0160(15)60028-5

ISSN 1002-0160/CN 32-1315/P

(© 2016 Soil Science Society of China
Published by Elsevier B.V. and Science Press

PEDOSPHERE

www_elsevier.com/locate/pedosphere

Influence of Long-Term Fertilization on Selenium Accumulation
in Soil and Uptake by Crops

CrossMark

WANG Qingyun®, ZHANG Jiabao'*, ZHAO Bingzi', XIN Xiuli!, DENG Xihai' and Hailin ZHANG?

1State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008
(China)
2 Plant and Soil Sciences Department, Oklahoma State University, Stillwater, OK 74078 (USA)

(Received January 10, 2015; revised November 3, 2015)

ABSTRACT

Continuous applications of organic and inorganic fertilizers can affect soil and food quality with respect to selenium (Se) concen-
trations. A long-term (over 20 years) experimental field study, started in 1989, was conducted to investigate the changes in soil Se
fractions and its uptake by crops, as affected by different fertilizer practices, in the North China Plain with an annual crop rotation
of winter wheat and summer maize. The long-term experiment was arranged in a complete randomized block design consisting of 4
replications with 7 fertilizer treatments: 1) organic compost (OC), 2) half organic compost plus half N-P-K chemical fertilizers (OC
+ NPK), 3) N-P-K fertilizers (NPK), 4) N-P fertilizers (NP), 5) P-K fertilizers (PK), 6) N-K fertilizers (NK), and 7) an un-amended
control. Soil samples from the surface (20 cm) were collected in 1989, 1994, 1999, 2004 and 2009 to characterize Se and other soil
properties. In 2009, the average soil Se concentrations in the treatments (149 + 8 ug kg~!) were higher than those in the soil samples
collected in 1989 at the beginning of the experiment (112 4 4 pg kg™1!), and decreased in the order of OC > OC + NPK > NPK
~ NP > PK &~ NK > control. Sequential extraction showed the oxidizable fraction (50.06% + 3.94%) was the dominant form of Se
in the soil, followed by the residual fraction (24.12% =+ 2.89%), exchangeable fraction (15.09% =+ 4.34%) and Fe-Mn oxides fraction
(10.73% =+ 4.04%). With an increase of soil K, the exchangeable Se concentrations in the soil increased. The Se concentrations in the
soil tillage layer (0-20 cm) were mainly related to soil organic carbon (SOC), although different contributions came from atmospheric
deposition, irrigation and fertilizers. With the accumulation of SOC, the uptakes of soil Se by two crops were inhibited. For the OC
and OC + NPK treatments, Se concentrations in wheat grains were lower than the critical standard of Se in stable food (100 ug
kg~1!). Additionally, Se concentrations in grains were also decreased by the deficiencies of major soil nutrients, especially P.
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INTRODUCTION tion of about 200 ug kg=!, Se concentrations in diffe-

rent soils range from 100 to 2000 ug kg~! (EMS, 1990;

Selenium (Se) was confirmed as an essential nutri-
ent to human and animals by the World Health Organi-
zation in the 1970s (Combs, 2001; Beljanski, 2007). Se
deficiency in soils often results in low Se concentra-
tions in foods and negatively affects human or animal
health (Combs, 2001; Tan et al., 2002). Selenium con-
centrations in staple foods should not be lower than the
critical standard of 100 pg kg—!, below which people’s
basic needs can hardly be met (Combs, 2001; Beljan-
ski, 2007). On the other hand, Se can be harmful to
human health if it is present in high concentrations in
the ecosystem (Combs, 2001; White and Brown, 2010).

The natural contents of Se in soils are dominated
by soil parent materials. With the average concentra-

Gupta and Gupta, 2000; Wang and Gao, 2001). In Chi-
na, the average abundance of Se in the earth’s crust is
only 58 ug kg~!, much lower than that in other parts
of the world (EMS, 1990; Wang and Gao, 2001). An
extensive low belt of Se stretches from Heilongjiang
Province in the Northeast to Yunnan Province in the
Southwest (Wang and Gao, 2001). Addition of Se to
soils in this area would be beneficial.

In an agricultural system, soil Se is mined through
crop uptake which is compensated by the application of
Se-containing fertilizer (Blagojevic et al., 1998; Edel-
bauer and Eder, 2001; Yu et al., 2011). The contribu-
tion of fertilizer applications to soil Se is a function of
Se contents in fertilizers and application rates. The ap-
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plication of phosphate fertilizer or sewage sludge con-
taining Se resulted in a significant accumulation of Se
in some agricultural soils (Blagojevic et al., 1998; Edel-
bauer and Eder, 2001; Eurola et al., 2004). Se accu-
mulation in soils is also attributed to atmospheric de-
position, irrigation water, and other industrial sources
(Cheng, 2003; Wen and Carignan, 2007; Ali-Khodja et
al., 2008; Dhillon and Dhillon, 2009).

The solubility, mobility and bioavailability of Se in
the environment depend strongly on its specific chemi-
cal forms, and how strongly they are bound to soils.
For instance, the dominant form of Se in alkaline soils
is selenate, whose adsorption in soils is easily affected
by soil competitive ions (Woodbury et al., 1999; D-
hillon and Dhillon, 2000). In addition to soil Fe and
Mn oxides, Se accumulation in soils is also related to
soil organic carbon (SOC) contents due to the chela-
tion of Se by soil organic matter (oxidizable-bound)
(Blagojevic et al., 1998; Borowska and Koper, 2010;
Shand et al., 2010). Soil Se in the residual fraction
is stable in soils and is difficult to extract by some
chemical solutions (Martens and Suarez, 1997; Keski-
nen et al., 2009). Determination of Se fractions, such as
“exchangeable” or “oxidizable-bound”, can be a good
indicator of Se influences on the environment. As a re-
sult of this practicality, single and sequential extraction
schemes have been developed for the determination of
various forms of Se in soils and sediments (Martens and
Suarez, 1997; Wu et al., 2004; Keskinen et al., 2009).

Application of different fertilizers not only causes
various extents of Se accumulation in soils, but also re-
sults in soil Se changes in different fractions and their
availabilities to crops. As Se is a trace element in soils,
more Se added by different sources can be adsorbed
in soils. Se adsorption in soils is not only affected by
soil surface charges, but also relates to the competitive
ions in soil solution, such as K+, Ca?t, Mg+, SO,
Cl™, etc. (Woodbury et al., 1999; Dhillon and Dhillon,
2000). Affected by different chemical fertilizers, Se ad-
sorptions in soils are often decreased due to the input
of competitive ions (Ellis and Salt, 2003; Sors et al.,
2005). Selenium adsorption in soils increases through
the chelation of Se with soil organic matters if compost
is added. However, Se uptake by crops is inhibited by
organic matter addition (Dhillon and Dhillon, 1999;
Wang and Gao, 2001; Eurola et al., 2004).

The North China Plain (NCP) is one of the most
important grain bases in China, and produces about
one fourth of the country’s total cereal crops. The fer-
tility and productivity of soils in the region not only
play important roles in sustaining the local economy,
but also in national food security as a whole. There-
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fore, its agro-ecological safety has attracted great at-
tention lately. With the long-term intensive high-yield
crop productions, more pollutants have been accumu-
lated in soils and some have transferred to groundwa-
ter and food chains (Zhu et al., 2005; Zhao et al., 2007;
Cao and Zhou, 2008; Zheng et al., 2008). This accumu-
lation is probably attributed to fertilizer applications
since industry is not prevailing in the NCP. Being lo-
cated in the low Se belt, most of the soils in the NCP
are naturally deficient in Se, which may pose potential
health risk to people in the region. However, Se beha-
viors in soils, such as accumulations and availabilities
to crops, are often neglected, since they are usually
not the key factors affecting soil fertilities and crop
productions (Zhu et al., 2005; Cao and Zhou, 2008; Hu-
ang et al., 2011; Zhao et al., 2013). Therefore, it is ne-
cessary to explore the factors affecting Se concentra-
tions in soils, and to address the bioavailability of Se
species in soils for assessing its impact on food and en-
vironmental quality. The objectives of this study were
to investigate the rate of Se accumulation in an inten-
sively cultivated agricultural soil of the NCP and the
changes in soil Se fractions and its uptake by crops as
affected by different fertilizer practices.

MATERIALS AND METHODS

Study area and field experiment

A long-term fertilization experiment was carried
out at the Fengqiu Agro-Ecological Experimental Sta-
tion (114° 24’ E, 35° 00’ N) of Chinese Academy of
Sciences in Henan Province, China. The soil was classi-
fied as Calcaric Fluvisol according to World Reference
Base for Soil Resources (Shi et al., 2010), which is the
predominant soil in the region and has a sandy-loam
texture. The field had been under the rotation of win-
ter wheat (Triticum aestivum L.) and summer maize
(Zea mays L.) in every year. The winter wheat was
grown from October to next May and summer maize
from June to September of each year.

The field experiment was initiated in October 1989.
Prior to 1989, the field had not received any fertili-
zer application for 3 years (1987-1989) to remove any
residual effects from previous fertilization and obtain
a uniform field site. The initial soil contained organic
C 5.83 g kg™!, total N 0.45 g kg™, total P 0.50 g
kg1, total K 18.6 g kg~!, mineral N 9.51 mg kg™,
plant available P 1.93 mg kg™!, plant available K 78.8
mg kg1 and total Se 121 pug kg~!. Soil pH was 8.65.
The experiment was installed in a complete randomi-
zed block design consisting of 7 fertilizer treatments
with 4 replicates. Each plot measured 9.5 m x 5 m and
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