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Abstract

The investigation of soil quality indices as affected by groundwater irrigation is of great significance
to prevent and control soil degradation mainly in semi-arid steppe. Research has recently shown that
irrigation can significantly improve biomass production of grasslands, but has yet to address the impact
of irrigation on its soil quality. Here we determined to explore the effects of groundwater irrigation
on soil quality of typical steppe dominated by Leymus chinensis and Stipa krylovii vegetation in the
Xilin Gol grassland of China. Analysis of 11 different soil parameters at depths of 0-20 cm, 20-40 cm
and 40-60 cm after a year of irrigation showed that irrigation did not pose soil salinity and sodicity
risk. Average values for sodium adsorption ratio (SAR), pH and electrical conductivity (EC) all fell
below standard limits. Compared with the control samples, soil organic matter (SOM) increased while
available nitrogen (AN), available potassium (AK) and available phosphorus (AP) tended to decrease,
although not significantly. Principal component analysis found that EC, SOM and pH form a minimum
data set (MDS) for assessing soil quality of irrigated land. Irrigation led to slightly higher SQI values
for Leymus chinensis grassland but did not significantly change SQI values for Stipa krylovii grassland.
The results of this study can inform sustainable management of grasslands in semi-arid areas and other

studies of steppe ecosystems.
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Introduction

Grassland represents about 25% of the global land
surface and forms one of the most extensive natural
green barriers globally [1]. Grassland ecosystems also
provide a number of ecological services [2-3]. However,
studies have found that nearly half of the world’s
grasslands suffer from varying degrees of degradation
[4-5], a situation that threatens ecosystems and
biodiversity. This situation has become acute in arid
and semi-arid regions, where grassland productivity is
primarily limited by precipitation [6-7]. As the global
climate warms, declining soil moisture and changing
precipitation regimes (IPCC, 2013) are restricting
grassland vegetation and limiting the efficiency of
grassland production [8]. This in turn leads to a decline
in soil quality [9-10].

Irrigation may preserve grassland as the climate
changes by recovering deficits caused by seasonal
drought or otherwise meeting water requirements [11].
Chinese grasslands divide into three types of meadow,
typical and desert steppe. Typical steppes mainly occur
in northern semi-arid regions. Relative to the other two
types of grasslands, typical grassland are more sensitive
to water availability. The productivity of these area is
thus more vulnerable to water limitation [12]. Due to
the lack of rainfall during the grassland growing period
around Inner Mongolia, impacts of water limitation
have become increasingly evident among grasslands
[13-15]. Bai et al. [16] reported that the main factor
affecting Leymus chinensis and Stipa krylovii grassland
biomass in Inner Mongolia was annual rainfall from
January to July. When precipitation during the growing
season does not provide the water required for normal
growth, irrigation can make up the difference [17-18].

Current studies have explored the influence of
irrigation on grassland vegetation production and soil
nutrients [19-21]. Zhang [22] showed that nitrogen
addition and irrigation treatment significantly increased
biomass of grasslands, and irrigated sample plots
showed minor annual increases in soil organic carbon.
Although irrigation and nitrogen addition can increase
the aboveground carbon balance components, nitrogen
by itself does not induce this effect [23]. Li reported
that the amount of irrigation had a significant effect on
soil available nutrients, under three different irrigation
treatments, available nitrogen and available potassium
were enriched in 40-60 cm soil layer [24].

Soil nutrients and salinity such as soil organic
matter, available nitrogen, electrical conductivity and
major ions and the like are indicators to assess soil
quality and verify the effectiveness of irrigation in
grassland [25]. Nevertheless, on account of groundwater
contains more soluble ions, irrigation with groundwater
may affect soil salinity [26]. Frequent irrigation with
limited water volume in arid and semi-arid areas can
effectively reduce the accumulation of salt in the surface
soil caused by fluctuations in shallow groundwater [27-
28]. Tahtouh et al. [25] used rainwater, groundwater

and treated wastewater to irrigate cotton in Tom Green
County, midwest Texas (United States). Their study
found that although the soil salinity increased from
irrigation with brackish groundwater, the soil remained
in good condition and did not accumulate salt. Research
by Wang [29] found that long-term use of groundwater
irrigation reduced soil organic matter and total nitrogen
by 26.8% and 28.0%, respectively. This indicates
that appropriate irrigation does not carry the risk of
increasing soil salinity but may reduce soil nutrients.

While many studies have shown that the effects
of irrigation on soil nutrients and salinity, few studies
have systematically considered the influence of
groundwater irrigation on grassland soil quality or soil
quality indices (SQI). An assessment of the quality
of groundwater-irrigated soils can inform both land
and water management systems. Therefore, this study
aimed to evaluate the impact of one-year groundwater
irrigation on changes (positive, negative or no effect) in
selected soil attributes and assess the soil quality using
the minimum data set (MDS) approach. The results
identified parameters necessary for monitoring degraded
grassland and sustaining grassland ecosystems during
irrigation.

Material and Methods
Description of Study Area

The study area occurs within a typical steppe
ecoregion of Xianghuang banner in Inner Mongolia,
China. This region lies along the southern edge of
the Mongolian Plateau and the plots themselves occur
about 6 km from the urban center. The site experiences
a continental monsoon climate of the middle
temperate zone with average annual temperature of
3.6°C and average annual sunshine of 3024.8 h. The
region classifies as semi-arid with average annual
precipitation of 264.9 mm occurring mostly in summer
(June-August). Drought occurs in the study area and
rainfall does not exceed 150 mm in the growing season
(May-August) [30].

An irrigation system utilizing groundwater was
used to irrigate experimental plots hosting Leymus
chinensis grassland (42°16'19.40"N-113°48'36.85"E) and
Stipa krylovii grassland (42°16'19.40"N-113°48'37.39"E)
(Fig. 1) over a period of one year’s time. After this
intervention, soil chemical properties were analyzed.
The distance between the two sample plots is no more
than lkm. Plots spanned 25 m? (5x5 m?) of flat area
and a fenced perimeter prevented grazing or other
disturbances. The grassland types specifically hosted
Leymus chinensis as the dominant species along with
Potentilla bifurca, Kochia prostrate, Heteropappus
altaicus, Peganum harmala and Artemisia frigida.
The Stipa krylovii grassland (dominant species) hosted
Cleistogenes squarrosa, Kochia prostrate, Allium
japonicurn, Allium mongolicum, Phlomis dentosa and
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Fig. 1. Pictures of experimental plots and irrigation methods. a) the plot of Leymus chinensis grassland, b) the plot of Stipa krylovii

grassland, c) the way of flooding irrigation.

Carex duriuscula. Both grassland types exhibited
chestnut soils.

Experimental Design

The Leymus chinensis and Stipa krylovii plots
experienced a 135-165 day growth period from April
to September. Irrigation strategies followed water
requirements specified for Leymus chinensis and
Stipa krylovii communities in Grassland Irrigation
[31]. Table 1 gives details on the irrigation regimes.
Briefly, plots were irrigated with 0.8 m? (of groundwater
water) during the growing period (late March to end
of April, 15-25 days), 2.4 m’® during the vegetative
period (late April to early June, 40-50 days) and 2.4 m*
during the reproductive period (early June to mid-
September, 45-55 days). Irrigation was carried out
during the three period of the herbage at intervals
of one month. There was no irrigation when it rained
and was thus more susceptible to leaching the surface
salt caused by irrigation. Control plots of Leymus
chinensis and Stipa krylovii communities were not
irrigated. Irrigation methods consisted of conventional
flooding.

Water Sampling and Analysis

Water samples were collected from irrigation
groundwater prior to each application. Samples were
collected in 500 ml plastic bottles, sealed and then
transported to the laboratory for physicochemical
analysis. All samples were analyzed for total dissolved
solids (TDS), electrical conductivity (EC), pH and major
ions (Na', K, Ca*, Mg*, CO;”, HCO, , SO, CI).

Electrical conductivity (EC), pH and total dissolved
salts (TDS) were determined in the field using pH and
EC meters. Traditional titration methods were used to
estimate CI' , HCO,” and SO, concentrations while
EDTA titration methods were used to measure Ca*" and
Mg?*" concentrations. Na" and K' concentrations were
measured by flame atomic absorption spectrometry [32].
SAR, Na% and RSC were estimated using formulas
(1), (2) and (3) below, where all ions are expressed in
milliequivalents per liter (meq/L).

Na*

Ca2+ + Mg2+
\ 2 )

Na*
Ca2++Mg2++Na++K+ )

SAR =

Na% =

RSC = (CO%™ + HCO3) — (Ca®* + Mg?*) 3,

Physicochemical Analysis of Soil Samples

Following irrigation from May to September 2019,
soil samples were collected in October. Six sampling
points (replicates) were assigned within each of the
four 5x5 m plots for a total of 24 sampling points. Soil
samples were collected at 0 to 20 cm, 20 to 40 cm
and 40 to 60 cm depth at each of the 24 sample points.
This gave 72 samples collected by soil auger per
plot. Soil samples were packed in polythene bags to
avoid atmospheric effects and then transported to the
laboratory for processing and analysis.

Table 1. Irrigation schedule for Leymus chinensis and Stipa krylovii plots.

. . Green period Vegetative period Repro@uctlve Mature? aging Total vegetation
Vegetation period (15-25 days) (40-50 days) period period eriod
Y Y (45-55 days) (30-40 days) p
Irrigation volume (m?) 0.8 2.4 2.4 0 5.6
Irrigation frequency 2 4 3 0 9
. May 8, June 18, June 19, July 20, August 1,
Irrigation dates May 15 June 23, July 1 August 14 - May-September
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Table 2. Chemical composition of groundwater. All values are expressed in mg-L"!, except pH and EC (uS-cm™).

mios | v [ v [ i [ o [ o v i (e [ chives Sl
pH 8.41 8.20 8.47 0.13 6.5-8.5 5.5-8.5
K* 1.05 1.06 2.30 0.75 —
Na* 111.32 132.18 156.64 19.33 920 —
Ca* 116.64 126.66 134.12 6.77 400 —
Mg** 105.99 121.37 149.17 17.89 60 —
HCO; 360.21 390.00 455.92 25.49 610 —
Cl 301.16 303.83 306.50 2.67 355 350
S04* 218 215 369 67 960 —
EC 1697 1848 2126 218.32 3000 —
TDS 848.54 923.93 1063.67 109.16 2000 1000
SAR 3.59 4.03 491 0.67 12-20 —
Na% 0.40 0.41 0.47 0.04 —
RSC -0.05 -1.37 0.44 0.94 —

EC: electrical conductivity; TDS: total dissolved solids; SAR: sodium adsorption ratio; SD: standard deviation.

All soil samples were analyzed for pH, EC, organic
matter (OM), available nitrogen (AN), available
phosphorus (AP), available potassium (AK) and
exchangeable cations (Ca?, Mg*, K', Na") following
standard methods. Organic matter (OM) was determined
by potassium dichromate oxidation methods [33].
Available nitrogen (AN) was measured by distillation
and available phosphorus (AP) was measured by
sodium bicarbonate extraction and molybdenum-
antimony colorimetry [34]. Available potassium (AK)
was measured by ammonium acetate extraction [35].
Methods for measuring pH, EC and exchangeable
cations (Ca%, Mg*, K, Na") followed those used in
groundwater analysis.

Soil Quality Index

Soil chemical properties typically used to evaluate
soil quality such as soil organic matter, available
nitrogen, phosphorus and potassium content only
represent the influence of groundwater irrigation on soil
and may fail to quantify the full effects of irrigation
on soil quality. This research therefore estimated
the weighted additive soil quality index (SQI) using
minimum data set (MDS) approaches [36-37].

Principal component analysis (PCA) and Pearson
correlation analysis of the 11 soil attributes (pH,
SAR, EC, OM, AN, AP, AK) and exchangeable
cations (Ca?, Mg?", K, Na") provided a representative
MDS index. The evaluation index was converted
into a score between 0 and 1 by using the non-linear
Equation (4).

a

S ="
N 1+ (x/xo)b @)
where S, is the non-linear score, a is the maximum
score (= 1), x is the soil property value, x, is the mean
value of the soil property in the study and b is the slope
of equation for “more is better” (— 2.5) and “less is
better” (2.5) curves [38].

The SQI values were then calculated according to

the model:
n
SQI = z Wi * Si
i=1

where Si is the indicator score, n is the number of soil
indicators and Wi is the weighting of soil properties
derived from the ratio of communality for each indicator
to the sum of all indicator communalities using factor
analysis [39].

®)

Results and Discussion

Characterization of Groundwater Used
in Irrigation

Table 3 lists results of groundwater chemical
analysis. The pH values of the groundwater samples
ranged from 841 to 847 with a mean value of
8.43, which falls within permissible FAO standards
[40] (Table 3). Groundwater TDS ranged from
768 to 868 mg/L with a mean value of 824 mg/L.
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Table 3. Criteria for classifying irrigation water quality based on SAR, Na%, RSC and EC.

SAR EC Irrigation water quality Na% RSC Irrigation water quality
<10 250 Excellent quality <30 <1.25 Suitable

10-18 250-750 Good quality 30-60 1.25-2.5 Marginally suitable
18-26 750-2250 Acceptable quality >60 >2.5 Unsuitable

>26 >2250 Unacceptable quality

The samples categorized as fresh (TDS<1000mg/L)
based on of Chinese Standards for Groundwater Quality
(2017). Fresh means suitable for domestic consumption
and irrigation. Except for Mg*, no ions exceeded
recommended FAO levels (Table 3).

The SAR, Na% and RSC parameters were used
to evaluate sodicity risk, and EC was used to evaluate
salinization. In this study, average SAR values
indicate that all water samples categorize as excellent
to good quality (SAR<I0) and were thus suitable for
irrigation (Table 2). Average Na% values of <30%
and RSC values of <1.25 for all water samples further
demonstrate that the area provides groundwater suitable
for irrigation.

Impacts of Groundwater Irrigation
on Salinity and Sodicity

The pH, Na®, SAR and EC parameters are widely
used to indicate soil salinity and sodicity. Table 4
lists values for these parameters for irrigated Leymus
chinensis and Stipa krylovii grassland plot soils, control
plot soils and groundwater. The control plots (CK)
hosting Leymus chinensis grassland gave slightly higher

pH values than those hosting Stipa krylovii grassland.
This indicates Leymus chinensis grassland represents
a more alkaline environment. Irrigated Stipa krylovii
grassland soils gave pH values that decreased slightly
across the three soil layers but varied by only about
0.19 to 0.17 units. Irrigated Leymus chinensis grassland
soils exhibited a slight decrease in pH ranging
from 0.07 to 0.23 units between the 20-40 cm and
40-60 cm depth samples. The 20-40 cm depth soils
showed a 5.2% decrease in pH. These respective
trends did not appear in the Leymus chinensis control
plot. In spite of the shifts, pH values fell below 8.5.
Increases may reflect negative effects in the alkaline
and calcareous soils [37]. However, Leymus chinensis
is halo-tolerant [41] and pH increases are not known
to affect its normal growth.

SAR values did not vary significantly between
irrigated and non-irrigated soils for either type of
grassland. Average SAR values from irrigated and
control plot soils fell below 13, a threshold considered
to induce negative effects on soil structure. However,
relative to control plots, SAR values increased by 16%
at 20-40 cm depth in the irrigated Leymus chinensis
plots and by 17.4% at 0-20 cm depth in the irrigated

Table 4. Mean+standard deviation for salinity and sodicity of irrigated and unirrigated soils (CK).

Depth (crr?(?lz/kg) (crlr\l/f)gljkg) (cmljl/kg) (cnﬁ/kg) SAR (dlggn) pH
0-20 | 0.25:0.028a | 031:0.010a | 0.11+0.004a | 042£0.014a | 0.8£0.038a | 0.0740.004a | 7.81£0.026a
L.chinensis | 20-40 | 0.78:0.455a | 0.7740.473a | 0.26£0.057a | 09+0.184a | 1.09:0.168a | 0.52+0.098a | 8.45:0.029a
40-60 | 1.0120.010a | 147£0.036a | 0.37:0.038a | 125:0.124a | 1.13:0.121a | 0.79£0.019 | 7.96+0.026a
020 | 0.32£0.080a | 0.39£0.200a | 0.13£0.030a | 0.48:0.090a | 0.82:0.020a | 0.09+0.030a | 7.88+0.030a
Sk 12040 119200050 [ 155406308 | 04300380 | 145101220 [ 09400150 | 0.86:0.114b | 80340029
40-60 | 0.85:0.165a | 1.64+0.366a | 0.440.017a | 149£0.056b | 1.34£0.004b | 0.930.063b | 8.19+£0.029a
020 | 0.21£0.040a | 0.41£0.035a | 0.12£0.005a | 0.45:0.015a | 0.81+0.020a | 0.05:0.005a | 7.52+0.026a
S. krylovii | 20-40 | 0.52:0.110a | 0.47:0.320a | 0.12£0.001a | 0.44:0.004a | 0.66:0.164a | 0.11:0.028a | 7.47+0.029a
40-60 | 0.92£0.295a | 0.44£0.214a | 0.1240.001a | 0.45:0.002a | 0.55:0.019a | 0.22£0.056a |7.36:0.026a
020 | 02+0.016a | 043:0.092a | 0.120.001a | 0.38£0.004b | 0.69:0.049b | 0.04:0.001a | 7.71£0.026a
kfyﬁiﬁ 20-40| 02£0.005a | 0.37£0.097a | 0.120.00la | 041£0.002a | 0.77:0.063a | 0.03£0.004b | 8.08+0.026b
40-60 | 0.36£0.040a | 0.29+0.102a | 0.11:0.001a | 042:0.001a | 0.74£0.084b | 0.070.003b | 8.07+0.026a

Different letters in each row indicate significant differences at P<0.05 based on the paired t-test between the same soil and the control

(CK).
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Stipa krylovii plots (P<0.05). The elevated SAR values
still fall below the allowable limit (FAO, 2000) [42],
but increasing SAR values may indicate soil sodicity
problems [43].

The Na* and EC values measured from irrigated
plots differed between the two grassland types. For
Leymus chinensis plots, the Na" content decreased in
all three soil layers relative to control plots. Decreases
of 3793% for the 20-40 cm depth samples and of
16.11% for the 40-60 cm depth samples were significant
(P<0.05). These suggest that irrigation leached sodium
salt in Leymus chinensis plots thereby reducing the
salinity and sodicity of the soil. Irrigated Stipa krylovii
plots showed increases in Na*across all three soil layers
relative to control plots. This includes a significant
increase of 18.42% at 0-20 cm depth (P<0.05) which
may reflect addition from groundwater. Elevated Na*
may also represent a primary cause for increased SAR
values in the irrigated soils [44].

Both irrigated and control plots exhibited low
EC wvalues indicating soils do not suffer from
salinization. Relative to control plots, irrigated Leymus
chinensis plots showed average EC values (from 15.1%
to 22.2%) indicating that irrigation removed salt from
the soil. Wang [21] reported similar decreases from
irrigated Leymus chinensis grassland samples. Irrigated
Stipa krylovii plots showed higher average EC values
(25% to 266.7%) indicating that irrigation added
salt to the soil and to a degree that may damage soil
productivity and crop yields [25]. However, EC levels
remained far below the 4 dS'm™ threshold in each
soil layer analyzed indicating that the soils have not
become salinized and remain suitable for many plant
species.

Effects of Groundwater Irrigation
on Soil Fertility Indices

Soil organic matter (SOM), available nitrogen (AN),
available phosphorus (AP) and available potassium
(AK) serve as nutrient indices used in soil quality
evaluation. Similar to results reported by Wang [21],
irrigated Leymus chinensis plots showed increases in
soil SOM of 14.1% and 14.3% at 0-20 cm and 20-40 cm
depths, respectively (Table 5). Irrigated Stipa krylovii
plots exhibited increases in soil SOM but these were not
significant. Increased SOM represents an improvement
in soil quality due to its impacts on soil fertility and
productivity.

Groundwater irrigation did not cause apparent
changes in soil AN, AP or AK for either grassland type
(Table 5). Following irrigation of Leymus chinensis
plots, AN and AP fell by 9.3% and 8.2% (respectively
and relative to control plots) throughout the 0-60 cm
profile. Soil AK fell by 5.2% at 0-20 cm depth relative to
the control plot. After irrigation of Stipa krylovii plots,
AN and AP fell by 21.7% and 4.6% (respectively and
relative to control plots) in the 20-40 cm depth samples.
The 0-20 cm and 40-60 cm depth samples gave AK
values 9.5% and 1.2% lower than those of the respective
control plot. The AN, AP and AK parameters reflect
decomposition of soil OM. Irrigation can also accelerate
soil nutrient cycling and OM buildup due to leaching
of available fertilizer [39]. The results described here
concur with the general understanding that long-term
irrigation can reduce soil available nitrogen, phosphorus
and potassium nutrients, thus influencing soil organic
matter reserves and limiting the normal growth of
vegetation.

Table 5. Meantstandard deviation for fertility indices for irrigated soils and unirrigated soils (CK).

Depth SOM AK AP AN
0-20 22.45+0.508a 62.93+4.694a 5.32+0.085a 63.46+2.621a
L.chinensis 20-40 17.7+£0.321a 32.73£2.590a 4.69+0.040a 35.22+1.975a
40-60 10.54+1.185a 29.51+0.226a 4.46+0.100a 21.3142.045a
0-20 19.67+0.070a 66.37+9.430a 6.04+0.820a 63.96+2.030a
CK-L.chinensis 20-40 15.48+0.052a 30.61+1.195a 4.67+0.114a 42.79+2.010a
40-60 9.61+0.143a 27.37+0.785a 5.05+0.061a 23.27+1.975a
0-20 15.87+0.067a 51.95+10.395a 5.22+0.072a 40.74+1.965a
S. krylovii 20-40 10.49+0.052a 36.53+4.320a 4.95+0.129a 24.39+1.990a
40-60 8.27+0.049a 30.34+1.415a 5.02+0.168a 57.6+1.945a
0-20 15.34+0.040a 57.41+6.825a 5.19+0.431a 31.25+1.950a
CK-S. krylovii 20-40 10.41£0.104a 34.19+1.845a 5.19+0.085a 31.1542.010a
40-60 8.25+0.474a 30.740.876a 4.81£0.114a 26.23+2.005a

Different letters in each row indicate significant differences at P<0.05 based on the paired t-test between the same soil and the control

(CK).
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Cations can persist or exchange in irrigated soils
and thus serve as an index for evaluating soil fertility.
Table 4 shows how irrigated plots showed significant
changes in exchangeable Ca*, Mg* and K" The
irrigated Leymus chinensis plot gave lower Ca?, Mg**
and K values than those measured from the control plot
across all depths. The irrigated Stipa krylovii plot gave
higher Ca?, Mg?* and K values than those measured
from the control plot across all soil depths but the
results were not significant.

The differences in Na', EC, Ca*, Mg>* and K'
between irrigated Leymus chinensis and Stipa krylovii
plots suggest that irrigation effects depend on vegetation
type. The trends may also relate to salt content of
the native soil and the vegetation’s salinity tolerance.
In contrast to the Leymus chinensis plots, the Stipa
krylovii plots exhibited much lower salinity values and
sodicity indices (Table 4). Research has found that Stipa
krylovii is sensitive to soil salinity and sodicity [44].
The Leymus chinensis plots showed higher SOM than
that measured from Stipa krylovii plots (Table 5) which
could also account for observed differences. Acosta
et al. [45] stated that SOM can enhance the buffering
capacity of soils to prevent rapid changes in salinity.

Worldwide, several good studies have been carried
out on the impacts of irrigation on soil nutrients, soil
salinity and long-term treatment of irrigation and
addition of nitrogen fertiliser in the grassland [11-15].
Nevertheless, soil quality indices have rarely been
assessed in soils of grassland affected by irrigation,
particularly in the typical semi-arid conditions.
An understanding and assessment of the quality of
groundwater-irrigated soils can provide an opportunity

to accurately predict future land management systems
in the grassland. In this study, soil quality indices was
calculated after determining the evaluation indexes by
principal component analysis and correlation analysis.

Principal component analysis (PCA) helped
determine representative soil variables that most
influence soil quality under conditions of groundwater
irrigation. Both a KMO (KMO = 0.669) and a Bartlett
test of sphericity (P = 0.000) validated the PCA results
(Table 6). Three PCs gave eigenvalues ranging from
1.346 to 5.928 and accounting for 88.08 % of the total
variance in the soil data (Table 6). The highest ranked
component (PC1) consisted of EC, Na"and K’ variables
and accounted for 53.89% of the variance (Table 6).
Correlations tests between EC, Na'and K suggested
retaining the EC variable (Table 7). The second highest
ranked component (PC2) accounted for 21.96% of
the variance and consisted of OM and AN (Table 6).
Correlations tests between OM and AN suggested
retaining the OM variable (Table 7). The third highest
ranked component (PC3) consisted of pH and accounted
for 12.23% of the variance (Table 6). From the above
results, EC, OM and pH were retained as minimum
data set (MDS) for the soil quality index (SQI).

Table 6 lists weightings calculated by the common
factor variance obtained by principal component
analysis (0.36, 0.33 and 0.31 for SOM, pH and EC,
respectively). The minimum data set index was
converted into a score from 0 - 1 through normalization
equations (Table 8). SOM measures soil fertility.
Nitrogen, phosphorus, potassium and various molecules
and ions necessary for plant growth determine fertility
as do soil physical, chemical and biological properties

Table 6. Principal component analysis results for soil indicators along with communality and weightings of soil quality indicators.

Evaluation Principal component PCA MDS
index PC1 PC2 PC3 Communality Weight Communality Weight
SOM -0.38 0.844 0.015 0.857 0.09 0.924 0.36
AK -0.757 0.57 -0.098 0.907 0.09
AP -0.655 0.431 -0.063 0.618 0.06
AN -0.506 0.789 -0.165 0.905 0.09
pH 0.287 0.217 0.877 0.898 0.09 0.836 0.33
Ca** 0.828 0.023 -0.35 0.809 0.08
Mg 0.78 0.305 -0.427 0.883 0.09
K* 0.939 0312 -0.061 0.983 0.10
Na* 0.937 0.318 -0.056 0.983 0.10
SAR 0.7 0.415 0.472 0.885 0.09
EC 0.949 0.245 -0.044 0.963 0.10 0.802 0.31
Eigenvalue/% 5.928 2.415 1.346 - - - -
Variance/% 53.891 21.959 12.233 - - - -
Cumulative/% 53.891 75.85 88.082 - - - -
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Table 7. Correlation coefficient matrix of indicators for soil quality evaluation.

Parameter | SOM AK AP AN pH Ca* Mg* K* Na* SAR EC
SOM 1.000

AK 0.748%* 1

AP 0.407* | 0.758%** 1

AN 0.875%* | 0.777** | 0.619** 1

pH 0.111 -0.215 -0.165 -0.078 1

Ca* -0.277 | -0.593** | -0.496** | -0.305 0.012 1

Mg** -0.032 | -0.402* | -0.390* | -0.078 -0.049 | 0.716** 1

K* -0.127 | -0.505%* | -0.431%* | -0.244 0.261 | 0.776** | 0.853** 1

Na* -0.123 | -0.504** | -0.425%* | -0.239 0.266 | 0.773%* | 0.852** | 1.000** 1

SAR 0.039 -0.307 -0.251 -0.144 | 0.600%* | 0.351* | 0.434** | 0.784** | 0.787** 1

EC -0.175 | -0.557** | -0.468** | -0.294 0.273 | 0.829%* | 0.790** | 0.971%* | 0.971%* | 0.758** 1

* Correlation is significant at the P<0.05 level
** Correlation is significant at the P<0.01 level

Table 8. Mean and normalized equations for scoring curves.

Parameter SOM (g/kg) EC (dS/m) pH
Mean 13.65 0.315 7.86
Curve types More is better Less is better Less is better
Normalization equation m m m

[36-38]. As an estimate of salt content in soil and
salinity stress on crops, EC can support normal growth
of plant roots and soil nutrient fluxes [46-47]. Soil pH
indicates soil alkalinity [48]. Other variables identified
in this study provide a systematic and quantitative basis
for monitoring soil quality during irrigation.

As shown in Fig. 2, the uppermost 0-20 cm of
soils analyzed gave the highest SQI values. SQI values
declined rapidly with depth between 0-20 cm and
20-40 cm in both irrigated and non-irrigated Leymus
chinensis soils. The SQI values measured from Leymus
chinensis plots at 20-40 cm and 40-60 cm depth

0.8
N - A Leymus chinensis gassland 07 _ 74 Stipa krylovii grassland
07k & XM ck N RAcK
r 0.6 7+ 1
0.6 i e
i 05+
0.5 I /l
- | _ = 0.4
Soat- ; g |
T 3
03 / o 0
02 02
01 Ol
Y 0-20 20-40 40-60 00 0-20 20-40 40-60
Soil depth(cm) Soil depth(cm)

Fig. 2. Soil quality indices for Leymus chinensis and Stipa krylovii grassland plots. CK indicates control plots of each type.
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fell below those measured from Stipa krylovii plots
(P<0.05). In Leymus chinensis plots, SQI values ranged
from 0.31 to 0.75 with a mean value of 0.51 for the
irrigated soils and from 0.28 to 0.72 with a mean value
of 0.47 for the control plot soils. For Leymus chinensis
plots, the increase in SQI values with irrigation
ranged from 4%-13% relative to control plots but these
increases did not appear statistically significant. For
Stipa krylovii plots, SQI values ranged from 0.51 to
0.69 with a mean value of 0.60 for the irrigated soils
and from 0.54 to 0.68 with a mean value of 0.61 for the
control plot soils. These data resemble results reported
by Adejumobi et al. [39] from Nigeria, which found that
irrigation exerted little effect on the SQI values.

Above all, soil quality index assessment results
showed irrigation slightly improves the soil quality of
Leymus chinensis grasslands from 0-60 cm depth. The
improvements may increase with time. Irrigation slightly
improved Stipa krylovii soil quality at 0-20 cm depth.
Though slight, the change was significant. However,
this is not enough because the initial research focused
on the biochemical properties of the soil which are
more susceptible to irrigation water, while other
variables such as soil physical properties which were
not included in this study are important components of
overall soil quality. Therefore, further research needs
to be combined with soil physical characteristics to
determine the level of soil sustainability and results of
this study are considered as a baseline data for future
studies.

Conclusions

This study describes the effects of groundwater
irrigation on soil quality of typical steppe grasslands
dominated by Leymus chinensis and Stipa krylovii
in southwestern Xilin Gol, Inner Mongolia, China.
Chemical analysis of groundwater prior to irrigation
found that all water samples were of excellent to good
quality and thus suitable for irrigation.

Measured values of pH, SAR, EC and exchangeable
Na* showed that groundwater irrigation of the two
types of grassland did not result in problematic salinity
or sodicity increases in the soil. Irrigation also did not
significantly change soil organic matter or essential
nutrient levels.

Statistical analyses identified a minimum data set
consisting of EC, SOM and pH variables for assessing
soil quality during irrigation. Groundwater irrigation
did not significantly influence the SQI values of typical
grassland. SQI values for Leymus chinensis plots
increased from 4%-13% relative to control plots but SQI
for Stipa krylovii plots did not show obvious change.
This study will serve as a reference and provide baseline
data for further studies on the impacts of irrigation on
soil quality in arid environments.
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