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ABSTRACT

Nine districts covering the main greenhouse vegetable areas in Tianjin Municipality of the North China Plain were selected for
the soil investigation in 2010 to survey the current soil nutrient status (soil available N, P and K), acidification and salinization due
to excessive input of fertilizers in greenhouses in Tianjin. The study showed that, in particular, soil available P content increased
with the age of greenhouses. In contrast, our results did not reveal higher K accumulation and lowered pH in the greenhouse soils
compared with cultivation in open fields. Over-fertilization, causing high NOj3" accumulation, most likely resulted in salinity problems
in the greenhouses. Ninety percent of the investigated greenhouse soils had electrical conductivity values of saturated paste extracts
of 2-10 d S m~!, which might affect the yields of vegetable crops like green bean, pepper, cabbage, carrot, eggplant, lettuce, spinach,
celery, cucumber and tomato. The findings of our survey of the current fertility and salinity problems in greenhouse soils suggest
that there is an urgent need to improve the farmers’ practices and strategies in fertilization management in greenhouses of China.
Because education and the agricultural technical extension services may play a more important role in avoiding overuse of fertilizers,
we suggest that current nutrient management practices should be improved in the near future through training of local farmers in
farmers’ schools and through strengthening the agricultural extension services with practical techniques.
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INTRODUCTION

The total area of vegetable crops planted under
greenhouses or plastic-film houses in China was more
than 2500000 ha in 2008, and China has become the
country that produces the most vegetable crops under
greenhouses or plastic-film houses (Yang et al., 2011) of
the world. To obtain high production, shallow-rooted
vegetable crops in greenhouses are intensively mana-
ged with high inputs of water and nutrients, leading
to an increase in salt accumulation, soil acidification,
nutrient imbalances and a high risk of nutrient losses
to the environment; thus, efficient management for nu-
trients is crucially important for sustainable vegetable
production (Guo et al, 2010). Recent investigations
have revealed that excessive nitrogen (N) fertilizer ap-
plications (> 1000 kg N ha™!) with less than 10% of
fertilizer N being recovered are commonly found in the
intensive greenhouse vegetable planting systems (Chen
et al., 2004; Zhu et al., 2005). Consequently, high pro-
portions of unused N are lost to the environment by
nitrate leaching, denitrification and NHj volatilization

(Cabrera and Chiang, 1994; Fox et al., 1996; Ramos
et al., 2002; He et al., 2007). For example, the NO3 -N
concentrations in shallow wells (< 15 m) around green-
houses in Humin, Shandong Province, ranged from 9-
274 mg N L1, with 99% of surveyed wells exceeding
10 mg N L1, more than half of the samples (53%) ex-
ceeding 50 mg N L=t and 26% exceeding 100 mg N L1
(Ju et al., 2006). Furthermore, because P is generally
retained to a higher extent, P accumulation in the soil
corresponds with greenhouse age. The high rates or re-
peated applications of phosphate fertilizer and organic
manure induce a significant accumulation of P (Chen
et al., 2004; Yang et al., 2011), eventually leading to
water pollution through runoff (Edmeades, 2003).

To develop sustainable nutrient management prac-
tices suitable for China in the 21st century, since 2005,
China has launched national programs of soil testing
and fertilizer recommendations. To bridge the gaps in
knowledge and technology transfer between research
institutions and extension agencies, Chinese universi-
ties and research institutions set up the “Agricultural
Extension Professor System” and the “Professional
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Master Degree Program for Agricultural Extension”
in 2006 (Miao et al., 2011). Our hypothesis is that
an investigation of the actual status of soil fertility in
the intensive greenhouses may critically evaluate the
progress of these current practices and strategies for
nutrient management in greenhouses. Furthermore,
this investigation could help farmers to improve their
practices and enable stakeholders to develop future
strategies for nutrient management and sustainable
agriculture through saving inputs and preventing en-
vironmental damages resulting from nutrient losses.

To support this goal and to deliver a database de-
scribing the current situation, our objective was to in-
vestigate the actual status of nutrient levels, acidifica-
tion and salinization of soils in greenhouses of Tianjin
Municipality in the North China Plain (NCP). Tianjin
represents the typical intensively managed cultivation
of greenhouse vegetables in the NCP. The survey was,
therefore, conducted in Tianjin to obtain information
on current fertilizer practices in open fields and green-
houses.

MATERIALS AND METHODS
Sample site description

The NCP is a major area for vegetable production
in China. Tianjin (38° 95'-40° 05’ N, 116° 92'-117° 83’
E) is located in the northeast of the NCP and reached
a vegetable growing area of 107 000 ha from a total of
420000 ha arable land in 2010. Nine districts of Tian-
jin Municipality, Beichen (BC), Baodi (BD), Dongli
(DL), Hangu (HG), Jinghai (JH), Jixian (JX), Ninghe
(NH), Wugin (WQ) and Xiqin (XQ), which cover all
the vegetable growing areas in the Tianjin region, were
selected for soil investigations of greenhouses and open
fields as references in the distinct surrounding of the
greenhouses in 2010 (Table I). A total of 144 question-
naires concerning fertilizer amounts applied in green-
houses and information about farmers’ education, ages
and genders were conducted by interviewing the indi-
vidual farmers. The major vegetable crops in green-
houses are cucumber, tomato, green bean, celery and
spinach and in open fields are winter wheat and maize.
The main soil type is loamy, silty alluvial soil (FAO sys-
tem). Tianjin has a semi-humid, continental monsoon
climate. The annual average temperature is approxi-
mately 12.3 °C. The hottest month is July, with an
average temperature of 26 °C, and the coldest month
is January, with an average temperature of 4 °C. The
average annual precipitation is approximately 550-680
mm. However, approximately 80% of the precipitation
occurs in the summer.

Y. C. HU et al.

TABLE 1

Number of soil samples in different ages of greenhouses and in
open fields of nine districts of Tianjin Municipality

District Open Greenhouses

fields
1-3 years 4-9 years 10-20 years > 20 years
Beichen 4 6 - 3 5
Baodi 4 4 4 4 -
Dongli 5 4 - 2 6
Hangu 4 1 4 3 4
Jinghai 4 4 6 4 4
Jixian 4 4 4 4 4
Ninghe 4 3 4 4 -
Wuqin 4 3 6 5 4
Xigin 4 4 4 4 -

Soil sample analyses

One-hundred and sixty-three air-dried soil samples
were collected from a depth of 30 cm, extracted with a
30 g:60 mL soil-to-CaCly solution (0.01 mol L~!) and
analyzed for NO5 -N content with a Kontron high per-
formance liquid chromatography system (Goebe Elek-
troTechnik GmbH, Halletau, Germany). Soil samples
were taken at the given greenhouse shortly after the
vegetable crops were harvested and before the new fer-
tilizers were applied between June and August of 2010.
To determine soil NOz-N contents at different soil
depths, additional moist soil samples from 56 green-
houses cultivated in the last 10-20 years were taken
at depths of 0-30, 30-60 and 60-90 cm. Fresh soil
samples were frozen before the analysis. Soil samples
were taken at the given greenhouse shortly after the
vegetable crops were harvested and before the new fer-
tilizers were applied in September of 2010 and were
extracted with 0.005 mol L= CaCl, (30 g:60 mL) and
the extracted solution was analyzed with a reflectome-
ter (RQeasy®, Merck KGaA, Darmstadt, Germany)
(Schmidhalter, 2005).

For the analyses of plant available P and easily ex-
changeable K, the air-dried soil samples were extracted
with the calcium acetate lactate (CAL) method reco-
mmended by Schiiller (1969). To compare with plant
available P extracted by the CAL method (CAL-P),
the Olsen extraction with 0.5 mol L=! NaHCOj3 (Olsen
et al., 1954) was applied to 20 selected soil samples, in-
cluding the soils with low and high P contents. After
extraction, the phosphate was determined by a spec-
tral photometer (LC 75, Perkin Elmer, Norwalk, USA),
and K extracted by the CAL method (CAL-K) was
analyzed with a flame photometer (Elex 6361, Eppen-
dorf AG, Hamburg, Germany) in the solutions.

For soil pH, air-dried soil samples were suspended
with 1:2.5 soil-to-CaCly solution (0.01 mol L=1). The
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pH in the suspension was measured with a pH meter
(Ecoscan pH 5, Eutech Instruments, Singapore). The
soil electrical conductivity (EC) from a 1:1 soil-to-
water extract was measured with an electrical conduc-
tivity meter (LF 340, WTW GmbH, Weiheim, Ger-
many) and converted into EC of a saturated paste
extract (ECe) according to ECe = 1.94EC — 0.17 for
loamy silty soils (Zhang et al., 2005).

To estimate the contribution of soil nitrate to ECe
(dS m~1), the following two formulas (Hu and Schmid-
halter, 2004 and Nobel, 2009, respectively) were used:

ECe = —27.8V, (1)
W, = —iCRT (2)

where ¥ is the solution potential (MPa); ¢ is the ioni-
zation constant (for non-electrolytes, i = 1); C' is the
molar concentration (mol L™!) of soil solution in the
saturated paste; Soil water content at the saturated
paste was 50% on dry soil basis. R is the universal gas
constant (0.008314 MPa L mol~ K~'); and T is the
absolute temperature (293 K).

Statistical analyses

The data were analyzed with an analysis of vari-
ance (ANOVA) using IBM SPSS Statistics 19.0 (IBM,
New York, USA). Multiple comparisons using Dun-
can’s multiple range test were performed whenever the
ANOVA indicated significant differences at P < 0.05.

RESULTS

The results of our questionnaire survey showed
that the annual nutrient rates for greenhouse vegetable
crops were approximately 660-4320 kg N ha=!, 240
1830 kg P ha=! and 210-2 100 kg K ha~!. The organic

TABLE II
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manure/compost accounted for about 82% of total nu-
trients applied. Among the 143 interviewed farmers for
vegetable crop cultivation, 56% was at the ages of 46—
60 years old. The female farmers accounted for 29%
and the male farmers were 71%. Eighty six percent
of the interviewed farmers had received their educa-
tion either from only elementary school or from high
school.

Soil NOg -N content

Table II showed that soil NO;-N content at 0-
30 cm was mostly higher under greenhouse conditions
than in open fields. The NO3-N concentrations in the
open fields ranged between 100 and 240 kg N ha~!,
while in the greenhouses, soil NO5 -N ranged between
160 and 1270 kg N ha—'. Although the results demon-
strated a trend of increasing soil NO3-N with increa-
sing greenhouse age for the regions of BC, BD and XQ
(Table II), these results did not apply for the other
regions, which showed the opposite tendency of soil
NOgz -N with greenhouse age. The average values of
soil NOg -N contents from open fields and greenhouses
varied with region (Table II).

However, the results in Table III showed that soil
NOjz -N also accumulated in lower layers.

Soil available P

The soil CAL-P content is shown in Table IV. The
results showed higher CAL-P content in greenhouses
than that in open fields and much higher P accumula-
tion in the greenhouses greater than 10 years old than
that in the greenhouses less than 10 years old. In the
open fields, CAL-P content was between 80 and 700 mg
P kg~ !, whereas it ranged between 80 and 1300 mg P
kg~! in greenhouses. CAL-P content in 10-20 year-old

Soil NO5 -N contents (0-30 cm) at different ages of greenhouses and in open fields of nine districts of Tianjin Municipality

District Open fields Greenhouses

1-3 years 4-9 years 10-20 years > 20 years

kg N ha~!

Beichen 2344672 bP) 204+34b - 752+231a 893+192a
Baodi 236+33b 568+163ab 824+176a 825+68a -
Dongli 178+69b 12724471a - 160+£45b 199+49b
Hangu 239+91b 433+0a 258+33b 234+46b 291+41b
Jinghai 190+46a 369+140a 239+42a 3224+110a 289+84a
Jixian 99+61b 318+68ab 164+73b 648+199a 7424+24a
Ninghe 230+75ab 302+170ab 163+19b 696+£239a -
Wugin 208+65b 1008+342a 352+62b 274+28b 229+25b
Xigin 109437b 288+88ab 515+127a 467+£58a -

@) Means=standard errors (n = 2-6).

b) Means followed by the same letter(s) within each row are not significantly different at P < 0.05 by Duncan’s multiple range test.
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TABLE III

Soil NO3 -N contents at different soil depths in different greenhouses of four districts of Tianjin Municipality

Y. C. HU et al.

District Soil depth
0-30 cm 30-60 cm 60-90 cm 0-90 cm
kg N ha~!
Beichen 190+612) 165+46 147+£56 5024155
Jinghai 288+25 234+28 176+18 698+63
Jixian 45677 404462 360+50 12294181
Wugqin 321461 32173 289468 9314197

a)Means+standard errors (n = 6-22).

TABLE IV

Soil available P contents (0-30 cm), extracted with calcium acetate lactate, at different ages of greenhouses and in open fields of nine

districts of Tianjin Municipality

District Open fields Greenhouses

1-3 years 4-9 years 10-20 years > 20 years

mg P kg—1

Beichen 3754190 bP) 139430b - 1261+160a 1039+160a
Baodi 225+110b 722+320ab 983+£210a 676+£120ab -
Dongli 288+80b 603£100a - 372+20ab 592+60a
Hangu 703+10a 166+0b 716+320a 738+390a 13204460a
Jinghai 831+20b 192440b 352£70ab 857+150ab 1301+£80a
Jixian 754+40c 686+30b 716+320b 896+70b 1234+140a
Ninghe 86+10c 369£120b 568+90b 1065+70a -
Wugqin 708+240a 77+40b 737+100a 489+110ab 668+160a
Xigin 225+80c 337£150bc 990+£260a 760+50ab -

2)Meansstandard errors (n = 2-6).

b) Means followed by the same letter(s) within each row are not significantly different at P < 0.05 by Duncan’s multiple range test.

greenhouses was 9 times higher than that in 1-3 year-
old greenhouses. Duncan’s multiple range test demon-
strated a significant difference (P < 0.05) in CAL-P
content among the different ages of greenhouses. Al-
though there was a difference in CAL-P content among
the regions (Table IV), the variation of the CAL-P con-
tent in the top soils (0-30 cm) among the regions was
lower for older greenhouses compared to younger ones.

Fig. 1 showed that there was a close correlation be-
tween soil available P contents measured by CAL and
Olsen methods. Soil P content measured by CAL ex-
traction was approximately 3—4 times higher than that
by Olsen extraction.

Soil available K

Similar to CAL-P content in the soils, the accumu-
lation of K was almost always higher under greenhouse
conditions than in open fields (Table V). In the open
fields, CAL-K content was between 60 and 230 mg K
kg1, while it ranged between 50 and 330 mg K kg~!
in greenhouses. In contrast to CAL-P content in the
soils, CAL-K content was not significantly related to
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Fig. 1 Correlations between soil available P contents dete-
rmined by calcium acetate lactate (CAL) and Olsen extra-
ctions in some districts of Tianjin Municipality, including Bei-
chen (BC), Baodi (BD), Dongli (DL), Hangu (HG), Jinghai,
(JH) Ninghe (NH), Wuqgin (WQ) and Xiqin (XQ).

the differences in greenhouse age. The data showed
that there were greater variations in CAL-K content
among the different regions under the open field and
greenhouse conditions (Table V).
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TABLE V
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Soil K contents (0-30 cm), extracted with the calcium acetate lactate, at different ages of greenhouses and in open fields of nine

districts of Tianjin Municipality

District Open fields Greenhouses
1-3 years 4-9 years 10-20 years > 20 years
mg K ha=!

Beichen 1094262 bP) 181442b - 317+41a 180427b
Baodi 724+10b 1574+36b 322+54a 320+78a -

Dongli 107+27b 331+26a - 47+3b 88+12b
Hangu 238+64a 254+0a 314+37a 330+53a 306+54a
Jinghai 148+40b 323+36a 301+37ab 1214+26b 190+38b
Jixian 58429b 267+57a 275+18a 252+51a 104+16b
Ninghe 184+45a 222+32a 254+67a 310+83a -

Wugin 90+31a 261+146a 119422a 196+44a 161+16a
Xigin 76+22a 180448a 183+35a 144434a -

2)Means=standard errors (n = 2-6).

b) Means followed by the same letter(s) within each row are not significantly different at P < 0.05 by Duncan’s multiple range test.

Soil pH and ECe

Table VI showed that the pH values of the soils
were between 6.6 and 7.7. There were only limited dif-
ferences among the different ages of greenhouses and
open fields with the maximum range of 0.5 pH units
(one case 0.7). Soil pH values slightly decreased with
the greenhouse age. Significant differences in pH be-
tween greenhouse ages were observed in seven of the
nine districts.

In contrast to soil pH, there were greater variations
among the ECe values (Table VII) ranging between 9.9
and 1.9 dS m~!. For most regions, there was no sig-
nificant difference in ECe when comparing the green-
houses of different ages. Compared with open field con-
ditions, the ECe was slightly higher under greenhouse
conditions and was closely correlated to the soil NO3 -
N content (r? = 0.69**). The contribution of NO3
accumulation in the soil to the ECe varied with the lo-
cation and age of greenhouses and ranged from 0.3 to

TABLE VI

3 dS m~!, which was approximately 10%-40% of total
ECe (Table VIII).

DISCUSSION

This study demonstrated that the residual soil
NO; -N after harvest was approximately 500-1230 kg
N ha=! at 0-90 cm soil depths for the vegetable crops
cultivated in greenhouses in Tianjin (Table IIT). The
result is in agreement with a study showing appro-
ximately 1173 kg N ha~! at the same soil depth for
greenhouse vegetable crops in Shandong of the NCP
(Ju et al., 2006). High soil NO3 -N accumulation is due
to high annual N inputs from mineral fertilizers, ma-
nures and irrigation water. Several reports have shown
annual application of N to greenhouse vegetable crops
has reached more than 1000 kg N ha~!, leading to an
N recovery efficiency as low as 10% of the applied N
fertilizer and an N surplus of > 500 kg N ha=! (Chen
et al., 2004; Zhu et al., 2005; Ju et al., 2006, 2007,
2009). In addition, the average values of soil NOjz-N

Soil pH (1:2.5 soil to 0.01 mol L~ CaCls) at different ages of greenhouses and in open fields of nine districts of Tianjin Municipality

District Open fields Greenhouses

1-3 years 4-9 years 10-20 years > 20 years
Beichen 7.540.1%)ab) 7.6+0a - 7.040.1b 6.940.1b
Baodi 7.440.1a 7.240.1ab 7.04+0.1b 7.0£0.1b -
Dongli 7.61+0.1ab 7.7+0a - 7.7£0.1a 7.4£0.1b
Hangu 7.440.1a 7.44+0a 7.04+0.1b 7.240.2ab 7.3£0.1ab
Jinghai 7.5+0a 7.5+0a 7.5£0.1a 7.1£0.2b 7.240.1b
Jixian 7.04+0.3a 7.140.1a 7.040.1a 7.04£0.2a 6.61+0.1a
Ninghe 7.4+0.1a 7.24+0b 7.240.1b 7.240.1b -
Wugin 7.61+0.1a 7.54+0a 7.240.1b 7.140.1b 7.04+0.1b
Xigin 7.61+0.1ab 7.7+0a 7.3+0.1b 7.3£0.1b -

@) Means=standard errors (n = 2-6).

b) Means followed by the same letter(s) within each row are not significantly different at P < 0.05 by Duncan’s multiple range test.
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TABLE VII

Y. C. HU et al.

Electrical conductivity (EC) measured in a 1:1 soil-to-water extract and converted to EC of a saturation paste extract (ECe) at
different ages of greenhouses and in open fields of nine districts of Tianjin Municipality

District Open fields Greenhouses
1-3 years 4-9 years 10-20 years > 20 years
dSm~!

Beichen 6.0£1.90)ab) 3.6+0.5a - 5.240.6a 5.540.8a
Baodi 2.24+0.6b 4.7+1.1a 4.941.0a 5.94+0.4a -

Dongli 3.440.4b 9.942.5a - 2.8+1.0b 3.84+0.4b
Hangu 5.7+3.2a 4.34+0.0a 3.440.2a 2.940.4a 3.84+0.3a
Jinghai 3.01+0.6b 2.940.6b 6.01+0.7a 3.564+0.4b 3.5+0.3b
Jixian 2.1+1.2a 2.24+0.4a 1.1+0.2a 3.6+1.0a 3.8+1.0a
Ninghe 2.1+0.3b 2.840.8b 2.04+0.3b 6.3+1.4a -

Wugin 1.940.3b 7.242.0a 3.24+0.7b 2.440.5b 2.4+1.1b
Xigin 2.3+0.7b 6.3+0.5a 4.3£0.6b 3.9£0.6b -

2)Means=standard errors (n = 2-6).

b) Means followed by the same letter(s) within each row are not significantly different at P < 0.05 by Duncan’s multiple range test.

TABLE VIII

Contributions of NO3 accumulation in soil to electrical conductivity of a saturation paste extract (ECe) at different ages of greenhouses

and in open fields of nine districts of Tianjin Municipality

District Open fields Greenhouses

Content Percent 1-3 years 4-9 years 10-20 years > 20 years

Content Percent Content Percent Content Percent Content Percent

dS m~! % dS m~! % dS m~! % dS m~! % dS m~! %
Beichen 0.5 9.0 0.5 13.2 - - 1.7 30.2 2.1 33.9
Baodi 0.5 24.9 1.3 24.6 1.9 36.2 1.9 30.7 - -
Dongli 0.4 11.1 3.0 26.8 - - 0.4 12.6 0.5 10.9
Hangu 0.6 13.6 1.0 21.8 0.6 16.6 0.5 17.0 0.7 16.4
Jinghai 0.5 14.9 0.9 25.0 0.6 9.0 0.8 18.7 0.7 17.5
Jixian 0.3 14.9 0.8 29.5 0.4 24.8 1.5 33.7 1.7 39.5
Ninghe 0.5 20.7 0.7 19.5 0.4 17.1 1.6 22.7 - -
Wugin 0.5 23.0 2.3 29.0 0.8 28.2 0.6 27.2 0.5 26.9
Xigin 0.3 11.7 0.7 9.7 1.2 25.1 1.1 26.1 - -

contents from open fields and greenhouses varied with
region (Table II), indicating that soil NO3-N accu-
mulations may be influenced by the cultivations of
crops and the personal management practices of in-
dividual farmers. Consequently, high proportions of
unused nitrogen are lost to the environment by NO3
leaching, denitrification and NHj volatilization (Cabr-
era and Chiang, 1994; Fox et al., 1996; Ramos et al.,
2002; He et al., 2007). The excessive nutrient applica-
tion represents not only an economic loss for vegetable
growers but also poses an environmental problem. Fur-
thermore, it is known that high NO3;-N accumulation
in soil also results in salinization problems. Our re-
sults suggest that higher EC values under greenhouse
conditions were closely correlated with the soil NO5 -N
content, contributing to 10%-40% of ECe, which has
been shown in other studies as well (Shi, W. M. et al.,
2009; Shi, Y. C. et al., 2009). In contrast to the studies

showing an increase in soil NOg -N accumulation with
increasing greenhouse age (Chen et al., 2004), our re-
sults in Table II did not show a tendency of increasing
soil NO3 -N with greenhouse age in the Tianjin region.
However, the results of our study clearly demonstrated
that high NO3 -N also accumulated in the lower layer
of soil, indicating a high potential for NO3 leaching.
Furthermore, the excessive N application in green-
houses causes high NOj concentrations in leafy ve-
getables, which may be harmful to human health. Nu-
merous studies have shown that high NO; contents
in soils stimulate plants, especially vegetables, to ab-
sorb and accumulate excessive NO; (Petrovic et al.,
1992; Santamaria et al., 1998). Humans consume the
soft green parts of leaves and stems, which are the
plant parts that accumulate large amounts of NOj
(Walker, 1990). Nitrate accumulation in plants has
been regarded as harmful to the human body, and this
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has been of great concern to scientists and consumers
(Rockman and Granli, 1991; Powlson et al., 2008).

In other studies, plant available P (Olsen-P) in soils
was significantly higher in greenhouses (an average of
83.5 mg kg~1) than that in cereal crop fields (12.5-636
mg kg™!) (Xie and Tan, 2001). According to Sun et
al. (2009), the optimum level of soil Olsen-P content
under Chinese condition is 10-30 mg kg™!, and > 50

Lis high. A large number of reports have shown

mg kg~
that longer periods of greenhouse cropping cause soil
available P enrichment in Chinese greenhouses (Chen
et al., 2004; Yang et al., 2011), which is confirmed by
our study (Table IV). However, high soil P accumu-
lation under current greenhouse vegetable cultivation
may suggest that there is a need to develop technolo-
gies and strategies for optimal nutrient management
in greenhouse vegetables. In agricultural areas with
intensive farming practices, excessive application of P
has led to an increased incidence of soils with high P
concentrations, increasing the risk of P surface runoff
by erosion and P losses during drainage (Stanley et al.,
1995). Studies at the Rothamsted Research Station in
SE England have shown a marked increase in P con-
centration in drainage water to more than 2 mg L' as
soon as soil Olsen-P exceeded 60 mg kg~! (Heckrath et
al., 1995), while Olsen-P in the greenhouse vegetable
soils in the NCP reached 160 mg P kg=! (Chen et al.,
2004). The questionnaire survey showed that the rea-
son for this may be that farmers excessively applied
organic manure, P and compound fertilizers to obtain
higher yields.

Although available P, as shown in Table IV, was
extracted by CAL method, which was approximately
3—4 times higher than that by the Olsen extraction,
there was a close relationship of available P content
in Chinese soils between the two methods (Fig.1). A
similar relationship between CAL-P and Olsen-P was
derived from a study of Chinese paddy soils (Hu et al.,
2003). Accordingly, Neyroud and Lischer (2003) con-
cluded that there was a close relationship between soil
P contents extracted by CAL and Olsen in a compari-
son of different methods of measuring soil P availability
in European soils. The CAL method is commonly used
for fertilizer recommendation in Germany. According
to Kerschberger et al. (1997), 45-90 mg P kg~! soil is
the optimal level for all soil types in Germany. How-
ever, the data in Table IV showed that soil CAL-P
contents in most of the greenhouses were greater than
300 mg P kgL
economic loss for vegetable growers and may also re-

Excessive nutrient application is an

sult in greater pest management problems (Neeteson
et al., 1999). In addition, the excessive available P in

831

soils may even induce micronutrient deficiency (e.g.,
Zn deficiency).

Our study found that soil K content (Table V) was
generally in the optimal range and was not affected by
the age of the greenhouses but varied with region. A
slight decrease in soil pH with age of greenhouses was
found here (Table VI). This result contrasts with the
findings of a soil survey in Beijing from 1996 to 2000
by Chen et al. (2004) and other studies in greenhouses
in the NCP (Ju et al., 2006, 2007; Yang et al., 2011),
who found that soil K content increased and soil pH
decreased with the increasing age of greenhouses. The
findings from this study indicate to greenhouse veg-
etable growers that soil EC in greenhouses may result
in severe salinity stress to most vegetable crops. Ac-
cording to Tanji and Kielen (2002), ECe levels between
2 and 4 dS m~! may affect the yields of sensitive and
moderately sensitive crops, while the yields of many
crops were restricted by ECe between 4 and 8 dS m~!.
Only tolerant crops can cope with an ECe above 8
dS m~!. The frequency analysis of the data in Table
VII showed that, among the 40 means of ECe, 70% of
the investigated soils had an ECe between 2-4 dS m™*
and 30% between 4-10 dS m~'. These results indicate
that the yields of most crops under greenhouse condi-
tions will be affected by salinity. Among the vegetable
crops in the investigated areas, green bean and carrot
are most sensitive to salinity, while Chinese cabbage,
celery, cucumber, eggplant, lettuce, pepper, spinach
and tomato are moderately sensitive to salinity (Shan-
non and Grieve, 1999; Tanji and Kielen, 2002). Salt
tolerance can be adequately measured on the basis of
two parameters: the threshold ECe, i.e., the electrical
conductivity that is expected to cause the initial signi-
ficant reduction in the maximum expected yield, and
the slope. The slope is simply the percentage of yield
expected to be reduced for each unit of added sali-
nity above the threshold value (Shannon and Grieve,
1999). The threshold of green bean and carrot is as
low as at 1.0 dS m~! (ECe) and thereafter, the yield
was reduced by about 14%-19% per dS m~!. For the
moderately sensitive vegetables, the threshold ranges
between 2 and 4 dS m~! (ECe). Thereafter, their yields
were reduced by about 6%-14% per dS m~! (Shannon
and Grieve, 1999).

Our findings on soil fertility and salinity in green-
houses in the NCP are similar to the reports from se-
veral years ago, which indicates that the progress to
optimize or implement nutrient management in green-
house vegetables is still slow in the investigated are-
as. Thus, we conclude that there is an urgent need
to improve the farmers’ current practices in ferti-
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lization management in greenhouses of China. Miao
et al. (2011) summarized that possible reasons for
the overuse of fertilizer in China are the following: i)
high yield goal with high nutrient inputs; ii) small-
scale farming; iii) farmers with a low education com-
pared with other professions; and iv) the lack of well-
established independent agricultural technical exten-
sion services. Among the above mentioned factors, we
think that education and the agricultural technical ex-
tension services may play a more important role in
overuse of fertilizers. Though more advanced fertili-
zation management technologies are already available
in China, they are not yet applied on farms.

Our questionnaire survey showed that most of the
farmers in Tianjin region were approximately 40-50
years old with elementary and junior high school de-
grees. Most of them do not have any knowledge about
nutrient balance. Thus, enhancing agricultural ser-
vices to support fertilizer efficiency improvements will
pose a great challenge for China. China’s agricultural
sector is very large, diverse, decentralized and disorga-
nized, with limited extension support and little regu-
lation. China’s agricultural extension system has his-
torically been an arm of the central government policy
and it did never have an explicit environmental man-
date. Thus, extension services need to improve their
capacity to identify local environmental problems and
to design local solutions, particularly through stronger
linkages with research institutes. Currently, extension
agents lack the initiative to provide technical guidance
to farmers (especially on reducing the amount of fer-
tilizers used) due to lack of updated knowledge, bud-
getary constraints and, increasingly, pressure to sell
fertilizers and other agricultural inputs to make ends
meet (Zhou et al., 2010).

REFERENCES

Cabrera, M. L. and Chiang, S. C. 1994. Water content effect on
denitrification and ammonia volatilization in poultry litter.
Soil Sci. Soc. Am. J. 58: 811-816.

Chen, Q., Zhang, X., Zhang, H., Christie, P., Li, X., Horlacher,
D. and Liebig, H. P. 2004. Evaluation of current fertilizer
practice and soil fertility in vegetable production in the Bei-
jing region. Nutr. Cycl. Agroecosys. 69: 51-58.

Edmeades, D. C. 2003. The long-term effects of manures and
fertilizers on soil productivity and quality: a review. Nutr.
Cycl. Agroecosys. 66: 165—180.

Fox, R. H., Piekielek, W. P. and Macneal, K. E. 1996. Estima-
ting ammonia volatilization losses from urea fertilizers using
a simplified micrometeorological sampler. Soil Sci. Soc. Am.
J. 60: 596-601.

Guo, J. H., Liu, X. J., Zhang, Y., Shen, J. L., Han, W. X,
Zhang, W. F.; Christie, P., Goulding, K. W. T., Vitousek,
P. M. and Zhang, F. S. 2010. Significant acidification in
major Chinese croplands. Science. 327: 1008-1010.

Y. C. HU et al.

He, F., Chen, Q., Jiang, R., Chen, X. and Zhang, F. 2007. Yield
and nitrogen balance of greenhouse tomato (Lycopersicum
esculentum Mill.) with conventional and site-specific nitro-
gen management in Northern China. Nutr. Cycl. Agroe-
cosys. T7: 1-14.

Heckrath, G., Brookes, P. C., Poulton, P. R. and Goulding, K. W.
T. 1995. Phosphorus leaching from soils containing different
phosphorus concentrations in the Broadbalk experiment. .J.
Environ. Qual. 24: 904-910.

Hu, Y. and Schmidhalter, U. 2004. Limitation of salt stress to
plant growth. In Hock, B. and Elstner, E. (eds.) Plant
Toxicology. Marcel Dekker Inc., New York. pp. 191-224.

Hu, Z., Haneklaus, S., Liu, Q., Xu, C., Cao, Z. H. and Schnug,
E. 2003. Small-scale spatial variability of phosphorus in a
paddy soil. Commun. Soil Sci. Plant Anal. 34: 2791-2801.

Ju, X. T., Kou, C. L., Christie, P., Dou, Z. X. and Zhang, F. S.
2007. Changes in the soil environment from excessive appli-
cation of fertilizers and manures to two contrasting intensive
cropping systems on the North China Plain. Environ. Pol-
lut. 145: 497-506.

Ju, X. T., Kou, C. L., Zhang, F. S. and Christie, P. 2006.
Nitrogen balance and groundwater nitrate contamination:
comparison among three intensive cropping systems on the
North China Plain. Environ. Pollut. 143: 117-125.

Ju, X. T., Xing, G. X., Chen, X. P., Zhang, S. L., Zhang, L.
J., Liu, X. J., Cui, Z. L., Yin, B., Christie, P., Zhu, Z. L.
and Zhang, F. S. 2009. Reducing environmental risk by
improving N management in intensive Chinese agricultural
systems. Proc. Natl. Acad. Sci. USA. 106: 3041-3046.

Kerschberger, M., Hege, U. and Jungk, A. 1997. Phospho-
rdiingung nach Bodenuntersuchung und Pflanzenbedarf (in
German). VDLUFA Standpunkt, Darmstadt.

Miao, Y. X., Stewart, B. A. and Zhang, F. S. 2011. Long-term
experiments for sustainable nutrient management in China:
A review. Agron. Sustain. Dev. 31: 397-414.

Neeteson, J. J., Booij, R. and Whitmore, A. P. 1999. A review
on sustainable nitrogen management in intensive vegetable
production systems. Acta Hortic. 506: 17-26.

Neyroud, J. A. and Lischer, P. 2003. Do different methods used
to estimate soil phosphorus availability across Europe give
comparable results? J. Plant Nutr. Soil Sci. 166: 422—431.

Nobel, P. S. 2009. Physicochemical and Environmental Plant
Physiology. Elsevier, Amsterdam.

Olsen, S. R., Cole, C. V., Watanable, F. S. and Dean, L. A.
1954. Estimation of available phosphorus in soils by ex-
traction with sodium bicarbonate. USDA Circular 939. US
Government Printing Office, Washington, D.C.

Petrovic, N., Kastori, R. and Scaife, A. 1992. Production of
leafy vegetable with the low concentration of nitrates. In
Proceedings of 2nd Congress of the European Society for
Agronomy. August 23-28, 1992. Warwick University, Eng-
land. pp. 422-432.

Powlson, D. S., Addiscott, T. M., Benjamin, N., Cassman, K. G.,
de Kok, T. M., van Grinsven, H., L’Hirondel, J. L., Avery,
A. A. and Van Kessel, C. 2008. When does nitrate become
a risk for humans? J. Environ. Qual. 37: 291-295.

Ramos, C., Agut, A. and Lidén, A. L. 2002. Nitrate leach-
ing in important crops of the Valencian Community region
(Spain). Environ. Pollut. 118: 215-223.

Rockman, O. C. and Granli, T. 1991. Human health aspects
of nitrate intake from food and water. In Richardson, M.
L. (ed.) Chemistry of Agriculture and Environment. The
Royal Society of Chemistry, Cambridge.

Santamaria, P., Elia, A., Parente, A. and Serio, F, 1998. Ferti-
lization strategies for lowering nitrate content in leafy ve-



SOIL NUTRIENT STATUS IN GREENHOUSE CULTIVATION

getables: Chicory and rocket salad case. J. Plant Nutr. 21:
1791-1803.

Schmidhalter, U. 2005. Development of a quick on-farm test
to determine nitrate levels in soil. J. Plant Nutr. Soil Sci.
168: 432-438.

Schiiller, H. 1969. Die CAL-methode, eine neue methode zur
bestimmung des pflanzenverfiigbaren phosphates in Béden.
J. Plant Nutr. Soil Sci. (in German). 123: 48-63.

Shannon, M. C. and Grieve, C. M. 1999. Tolerance of vegetable
crops to salinity. Sci. Hortic. 78: 5-38.

Shi, W. M., Yao, J. and Yan, F. 2009. Vegetable cultivation
under greenhouse conditions leads to rapid accumulation of
nutrients, acidification and salinity of soils and groundwater
contamination in South-Eastern China. Nutr. Cycl. Agroe-
cosys. 83: 73-84.

Shi, Y. C., Hu, Z. Y., Haneklaus, S., Long, W. G., Xia, X., Zhao,
Y. W., Lin, T. and Schnug, E. 2009. Suitability of soil elec-
trical conductivity as an indicator of soil nitrate status in
relation to vegetable cultivation practices in the Yangtze
Rive Delta of China. Agr. Forest. Res. 59: 151-158.

Stanley, C. D., McNeal, B. L., Gilreath, P. R., Creighton, J. F.,
Graham, W. D. and Alverio, G. 1995. Nutrient-loss trends
for vegetable and citrus fields in west-central Florida. II.
Phosphate. J. Environ. Qual. 24: 101-106.

Sun, Y. X., Guo, Y. S., Yu, S. Z., Jiang, Q. G., Cheng, L. L.,
Cui, Z. L., Chen, X. P.; Jiang, R. F. and Zhang, F. S. 2009.
Establishing phosphorus and potassium fertilization recom-

833

mendation index based on the ‘3414’ field experiments. Acta
Metall. Sin. 15: 197-203.

Tanji, K. K. and Kielen, N. C. 2002. Agricultural drainage wa-
ter management in arid and semi-arid areas. FAO Irrigation
and Drainage Paper 61. Food and Agriculture Organization
of the United Nations, Rome.

Walker, R. 1990. Nitrate, nitrites and N-nitroso compounds: a
review of the occurrence in food and diet and the toxicolo-
gical implications. Food Addit. Contam. T: 7T17-768.

Xie, R. and Tan, H. 2001. The present and future demand of
phosphate fertilizer in China in the light of agricultural pro-
duction. Phosphate Compd. Fert. 16: 6-9.

Yang, L. J., Li, T. L., Li, F. S. and Lemcoff, J. H. 2011. Long-
term fertilization effect on fraction and distribution of soil
phosphorus in a plastic-film house in China. Commun. Soil
Sci. Plant Anal. 42: 1-12.

Zhang, H., Schroder, J. L., Pittman, J. J., Wang, J. J. and Pay-
ton, M. E. 2005. Soil salinity using saturated paste and 1:1
soil to water extracts. Soil Sci. Soc. Am. J. 69: 1146-1151.

Zhou, Y., Yang, H., Mosler, H. J. and Abbaspour, K. C. 2010.
Factors affecting farmers’ decisions on fertilizer use: a case
study for the Chaobai watershed in northern China. J. Sus-
tain. Dev. 4: 80-102.

Zhu, J. H., Li, X. L., Christie, P. and Li, J. L. 2005. Environmen-
tal implications of low nitrogen use efficiency in excessively
fertilized hot pepper (Capsicum frutescens L.) cropping sys-
tems. Agr. Ecosyst. Environ. 111: 70-80.



