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Abstract: To determine the effects of straw incorporation on soil nutrients, enzyme activity, and
aggregates in tobacco fields, we conducted experiments with different amounts of wheat and maize
straw in Zhucheng area of southeast Shandong province for three years (2010–2012). In the final year
of experiment (2012), straw incorporation increased soil organic carbon (SOC) and related parameters,
and improved soil enzyme activity proportionally with the amount of straw added, except for
catalase when maize straw was used. And maize straw incorporation was more effective than wheat
straw in the tobacco field. The percentage of aggregates >2 mm increased with straw incorporation
when measured by either dry or wet sieving. The mean weight diameter (MWD) and geometric
mean diameter (GMD) in straw incorporation treatments were higher than those in the no-straw
control (CK). Maize straw increased soil aggregate stability more than wheat straw with the same
incorporation amount. Alkaline phosphatase was significantly and negatively correlated with soil
pH. Sucrase and urease were both significantly and positively correlated with soil alkali-hydrolysable
N. Catalase was significantly but negatively correlated with soil extractable K (EK). The MWD and
GMD by dry sieving had significantly positive correlations with SOC, total N, total K, and EK, but
only significantly correlated with EK by wet sieving. Therefore, soil nutrients, metabolic enzyme
activity, and aggregate stability might be increased by increasing the SOC content through the maize
or wheat straw incorporation. Moreover, incorporation of maize straw at 7500 kg¨ hm´2 was the best
choice to enhance soil fertility in the tobacco area of Eastern China.

Keywords: soil organic carbon; enzyme activity; mean weight diameter; geometric mean diameter;
tobacco field

1. Introduction

In China, farmers traditionally incorporated straw into soil to improve soil fertility, but in recent
years, most straws have been burned to save labor, which was a waste of nutrient resources, affected
road safety due to reduced visibility, and caused air pollution [1]. Straw incorporation is an important
management practice with the potential to reduce dependence on mineral fertilizers and to maintain
soil nutrient balance and soil structure [2]. As with other organic amendments, straw incorporation
provides nutrients for plant growth and the organic carbon serves as an energy supply for soil
microorganisms. Many researches show that straw incorporation can increase soil organic carbon [3],
regulate CO2 and CH4 emissions [4], change soil aggregate size distribution [1,5], and increase crop

Sustainability 2016, 8, 710; doi:10.3390/su8080710 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/journal/sustainability


Sustainability 2016, 8, 710 2 of 12

production [6,7]. Therefore, straw incorporation may be an important method to improve soil fertility
and sustainable agricultural development [8].

Soil enzymes can catalyze innumerable reactions necessary for life processes of soil
microorganisms, decomposition of organic residues, cycling of nutrients, and formation of organic
matter and soil structure [9]. They are synthesized, accumulated, inactivated, or decomposed in
soil; and play important roles in soil nutrient cycling and seem to be an important indicator of soil
quality [10,11]. Soil enzymes may activate potential soil nutrients, and vice versa. Changes in soil
physical and chemical characters directly influence soil enzyme activity. Soil enzyme activities are
increased to different degrees by the incorporation of organic manure and have a significant positive
relationship with organic C and total N [12]. In addition, straw incorporation has significant roles
in improving the activity levels of soil enzymes and soil microbial biomass [13,14]. Thus, straw
incorporation could be an important way to improve soil fertility from the point view of soil enzyme.

Soil aggregates are the basic units of soil structure and they comprise primary particles and
binding agents. The soil aggregates and the pores between them affect water movement and storage,
aeration, erosion, biological activity, and the growth of crops [15]. Thus, soil aggregates influence
a wide range of physical and biogeochemical processes in the agricultural environment [16]. They are
also necessary for high soil quality and productivity. Soil aggregate stability is a crucial soil property
affecting soil sustainability, productivity, and crop production. However, soil aggregate formation
and stabilization are affected by several factors; the straw residue quality and amount play very
important roles in the process of aggregate formation [17]. A certain amount of easily-decomposed
straw residue could cause a rapid stimulation of the soil microflora and soil enzyme activities by
providing the soil organic matter [18,19]. Meanwhile, this is accompanied by the formation of stable
aggregates and an increase in aggregate stability [20,21]. Crop residue incorporation can improve soil
structural stability, as large amounts of residue with a moderate C/N ratio stabilize aggregates for
longer periods [22]. Zhang et al. [2] found that straw incorporation increased soil macro-aggregate size
distribution and soil aggregate stability in the 0–40 cm deep soil in semi-arid areas of Northwest China.
Maintaining high soil aggregate stability by incorporating straw is required. Many researchers have
proved that straw incorporation into the soil is an effective strategy to increase soil organic matter
contents in agricultural ecosystem. Then it has great meaning to maintain the sustainable use of soil by
improving soil enzyme activity, soil aggregation, and stability [12,23,24].

In tobacco fields of China, too much attention has been given to the application of chemical
fertilizers. It is difficult to maintain soil fertility when there is no, or low, input of organic materials into
the soil. All tobacco straws are removed from the field after the harvest for soil-borne disease control,
which would lead to the degradation of tobacco leaf quality by affecting the soil nutrient balance.
Therefore, the straw incorporation of other crops into tobacco-field soil may be a method to improve
soil physical and chemical properties while maintaining tobacco quality and soil ecosystem health.
However, the effects of incorporating different straws on soil nutrients, enzymes, and soil aggregates
in tobacco fields are seldom studied, and then to choose the suitable amount of straw incorporation.
The objective of this study is: (1) to investigate the effects of wheat and maize straw incorporation
on soil nutrients, enzyme activities, composition and stability of soil aggregates in the study area;
(2) to evaluate the relationships between soil enzymes, aggregate stability, and soil nutrients in the
straw incorporated field; (3) and to determine the suitable straw type and incorporation amount in
this important tobacco planting area of China.

2. Materials and Methods

2.1. Site Description and Soil Sampling

The experiment was conducted from 2010 and lasted for three years in a cropland area of
Da Shun-he village (119˝311 E, 36˝081 N, approximately 220 m above sea level), Zhucheng County,
in southeast Shandong province, China. The research area is representative of a typical temperate
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monsoon climate with an average annual rainfall of 799.7 mm, more than 60% of which falls during
the flood period (June to August). Floods pose a serious threat to local agriculture. The mean
annual temperature is approximately 12.0 ˝C and there are, on average, 2578.4 h of sunshine per year.
The cropland is cultivated with flue-cured tobacco for more than five years. The soil is developed
from limestone and classified as a Stagnic Anthrosol [25] with 18.0% clay (<0.002 mm), 25.5% silt
(0.02–0.002 mm), and 56.5% sand (2–0.02 mm). Other main characteristics of the soil before the
experiment beginning at 0–20 cm depth are as follows: pH 6.10, soil organic carbon 9.13 g¨ kg´1,
total N 0.72 g¨ kg´1, total P, 0.76 g¨ kg´1, total K 19.02 g¨ kg´1, alkali-hydrolysable N 62.54 mg¨ kg´1,
available phosphorus (POlsen) 28.70 mg¨ kg´1, and extractable K 160.87 mg¨ kg´1.

The experiment was carried out with a complete randomized design with three replicates.
The experiment included seven treatments: no straw incorporation (CK); incorporation of maize
straw (M1) or wheat straw (W1) at a low rate of 1500 kg¨ hm´2; incorporation of maize straw (M2)
or wheat straw (W2) at a middle rate of 4500 kg¨ hm´2; and incorporation of maize straw (M3) or
wheat straw (W3) at a high rate of 7500 kg¨ hm´2. Each plot was 72 m2 and separated by ridges to
avoid cross contamination among plots. Maize and wheat straws were both crushed into 1–2 cm
pieces and plowed into soil during the tillage, 30 days before the tobacco transplantation every year.
The total carbon (C), nitrogen (N), phosphorus (P2O5), and potassium (K2O) content in the maize straw
were 405.56, 8.72, 1.17, and 12.80 g¨ kg´1, respectively; the same nutrients were 323.21, 6.15, 1.73, and
9.72 g¨ kg´1, respectively, in wheat straw. The mineral (calcium superphosphate, potassium sulfate,
and compound fertilizers) and organic fertilizer (soya cake) were applied each year at the tobacco
planting field. All fertilizer rates in each treatment were 120-120-360 kg N-P2O5-K2O per hm2 with the
ratio around 1:1:3. In addition, 75% of the amount of chemical fertilizer and all the organic fertilizer
were applied as basal application; the remaining 25% of chemical fertilizer was applied as topdressing
in the experiment.

2.2. Soil Sampling

Composite soil samples (five random core samples from each plot, thoroughly mixed together)
were collected from the surface layer (0–20 cm) in each plot (i.e., replicate) when the tobacco matured
in the October of the year 2012. Visible roots and fragments of organic debris were removed manually
before the samples were ground to pass through a 2 mm sieve and dried naturally for soil nutrient
and enzyme activity analyses. Meanwhile, undisturbed fresh soil samples were collected from the
treatment plots at the same time for soil aggregate analysis.

2.3. Soil Nutrients Analysis

Soil pH (in distilled water, 1:2.5 w/v) was measured using a pH meter equipped with a glass
electrode. Soil organic carbon (SOC), total N (TN), total P (TP), and total K (TK) were determined with
air-dried soil passed through a 0.153 mm sieve using standard methods [26]. Alkali-hydrolysable N
(AH-N, NaOH), POlsen, and ammonium acetate extractable K (EK) were determined with air-dried soil
passed through a 2 mm-sieve [27].

2.4. Soil Enzyme Analysis

Activities of sucrase, urease, and alkaline phosphatase in soil were measured using colorimetry.
And the catalase activity was determined by volumetric titration. Sucrase activity was determined by
3,5-dinitrosalicylic acid colorimetry using sucrose as the substrate. It was expressed as mg glucose g´1

dry soil 24 h´1 [23]. Soil urease activity was measured using indophenol colorimetry with urea as the
substrate. Briefly, ammonium was released over 1 h and assayed colorimetrically at 578 nm. Soil urease
activity was expressed as mg NH4

+-N kg´1¨ dry¨ soil¨ h´1 [28]. Soil alkaline phosphatase activity was
determined with disodium phenyl phosphate colorimetry according to the methods of Ge et al. [29],
and catalase activity was determined according to the methods of Xu and Zheng [30]. The alkaline
phosphatase activity was expressed as mg p-nitrophenol released g´1¨ dry¨ soil¨ h´1

, and catalase
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activity was expressed as ml 0.1 N KMnO4 g´1¨ dry¨ soil¨ 20 min´1. All determinations of enzymatic
activities were performed in triplicate and values reported as means.

2.5. Soil Aggregate Analysis

Soil aggregate analysis followed the methods already described [31,32]. Fresh soil samples were
passed through an 8 mm sieve by gently breaking the soil clods along natural planes of fracture after
the removal of visible plant residues and stones. After the sample was air-dried, it was separated
into three subsamples to measure soil aggregate size distribution by dry sieving through five sieves
with 2 mm, 1 mm, 0.5 mm, 0.25 mm, and 0.106 mm meshes. In this way, structural aggregate units
of >2 mm, 1–2 mm, 0.5–1 mm, 0.25–0.5 mm, 0.106–0.25 mm, and <0.106 mm in size were separated.
Each size class was weighed and its contribution to the total weight of dried soil was calculated.

The water-stable aggregates were measured on the sand-free basis. Size distribution of
water-stable aggregates was determined by the wet sieving method [33]: 100 g of recombined soil,
with the same proportion of dry sieving aggregates as the larger sample, was placed in a container
filled with deionized water and left to hydrate. After 5 min, the sieve was manually moved up and
down 50 times in 2 min. The procedure was repeated, passing the material on to 2 mm, 1 mm, 0.5 mm,
0.25 mm, and 0.106 mm sieves, in that order. Soil aggregates retrieved at each sieve were carefully
backwashed into beakers and oven-dried at 65 ˝C for 48 h. The retained soil was quantified in each
sieve, obtaining the above five classes of distinct aggregate diameters. From these mass values and
knowing the water content of soil samples submitted to the calculation process, both mean weight
diameter (MWD) and geometric mean diameter (GMD) were calculated according to the methods of
Six et al. [34] using the following equations:
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where wi = the weight of aggregates (g) within a class of aggregates with an average diameter of xi;
xi = mean diameter classes (mm).

2.6. Statistical Analyses

One-way ANOVA, the significance of the differences among means, and the correlations among
soil parameters were all calculated using SPSS 13.0 (SPSS Inc., Chicago, IL, USA) packages. Differences
were considered significant with different lowercase letters at p < 0.05.

3. Results

3.1. Soil Nutrients

The straw incorporations increased SOC and its related soil nutrients (Table 1). Soils with maize
or wheat straw incorporated at 7500 kg¨ hm´2 (M3, W3) had the highest values of most soil nutrients.
The middle (M2, W2) and high (M3, W3) amounts of straw incorporation significantly increased the
soil AH-N, POlsen, and EK contents over those in CK. The effect of straw incorporation on soil available
nutrients was stronger than the effect on soil total nutrients. The accumulation of SOC and its related
soil nutrients were higher when the tobacco planting soil was incorporated with maize straw than
with the same amount of wheat straw.
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Table 1. Effects of straw incorporation treatments on soil nutrients.

Treatment pH SOC
(g¨ kg´1)

TN
(g¨ kg´1)

TP
(g¨ kg´1)

TK
(g¨ kg´1)

AH-N
(mg¨ kg´1)

POlsen
(mg¨ kg´1)

EK
(mg¨ kg´1)

CK 6.04 a 9.10 d 0.70 c 0.47 bc 18.70 c 55.29 d 29.85 cd 172.50 d

M1 5.91 ab 9.45 cd 0.72 bc 0.46 c 19.33 bc 60.82 cd 26.75 d 243.62 bc

M2 5.82 b 10.05 abc 0.85 a 0.55 a 19.92 ab 69.69 ab 31.85 bc 270.56 b

M3 5.80 b 11.10 a 0.83 ab 0.49 ab 20.35 a 75.83 a 61.80 a 314.35 a

W1 5.98 a 9.30 d 0.73 bc 0.46 c 19.28 bc 60.09 cd 29.65 cd 174.57 d

W2 5.68 c 9.78 bcd 0.72 bc 0.47 bc 19.61 ab 64.89 c 32.45 bc 189.73 cd

W3 5.67 c 10.62 ab 0.86 a 0.53 ab 19.68 ab 66.23 bc 36.60 b 213.3 c

CK = no straw control; M1, M2, M3 = maize treatments; W1, W2, W3 = wheat treatments; SOC = soil organic
carbon; TN = total N, TP = total P; TK = total K; AH-N = Alkali-hydrolysable N, POlsen = 0.5M NaHCO3
extracted P, EK = ammonium acetate extractable K. Different lowercase superscript letters (a, b, c, d) indicate
significant differences at p < 0.05 within a column.

3.2. Soil Enzyme Activity

The effects of maize and wheat straw incorporation on soil enzyme activities (sucrase, urease,
alkaline phosphatase, and catalase) were shown in Figure 1. Sucrose, urease, and phosphatase activities
all increased with the amount of straw incorporated, except phosphatase activity in the wheat straw
incorporation treatment; and the highest values were found in the M3 treatment. There was no obvious
regularity observed in catalase activity and straw incorporation; the catalase activity in the M2, M3,
and W1 treatments was significantly lower than in CK. The minimum value was found in the M2
treatment. These results suggest that both maize and wheat straw incorporation can increase soil
enzyme activities, which relate to the SOC, N, and P accumulation and decomposition in the soil.
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(b) Urease activity; (c) Alkaline phosphatase activity; (d) Catalase activity.
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3.3. Distribution of Soil Aggregate Fractions

The characteristics of soil aggregates, measured by dry sieving, were shown in Table 2. The largest
aggregate size fraction in all treatments was >2 mm, which represented 69.55%–86.06% of the total
weight. The two next most represented sizes were 1–2 mm and 0.5–1 mm; these three fractions, together,
accounted for 93.90%–97.81% of total weight. The <0.106 mm fraction was always the smallest and
only accounted for 0.49%–1.86% of the total weight, and the 0.25–0.106 mm fraction was the next
smallest. The percentages of aggregates >2 mm were significantly higher in the straw incorporation
treatments than in CK, but the percentages of aggregates 1–0.5 mm, 0.5–0.25 mm, and <0.106 mm had
the opposite trend. Furthermore, the maize straw incorporation had a larger >2 mm fraction than
wheat straw at the same amount.

Table 2. Characteristics of soil aggregates by dry sieving.

Treatment
Composition of Soil Aggregates (%)

>2 mm 2–1 mm 1–0.5 mm 0.5–0.25 mm 0.25–0.106 mm <0.106 mm

CK 69.55 c 13.37 a 10.98 a 2.88 a 1.37 ab 1.86 a

M1 74.95 bc 11.32 ab 8.37 ab 2.18 ab 1.88 a 1.30 ab

M2 80.02 ab 10.50 ab 6.16 b 1.25 b 1.02 ab 1.05 ab

M3 86.06 a 7.47 b 4.17 bc 0.95 bc 0.86 ab 0.49 c

W1 76.67 b 11.97 ab 7.73 ab 1.53 b 1.19 ab 0.90 b

W2 77.93 b 11.40 ab 6.89 ab 1.51 b 1.31 ab 0.96 b

W3 83.83 ab 10.49 ab 3.49 c 0.56 c 0.66 b 0.96 b

Different lowercase superscript letters (a, b, c, d) indicate significant differences at p< 0.05 within a column.

The effects of straw incorporation on the size distribution of water-stable soil aggregates were
shown in Table 3. The largest water-stable aggregate distribution fractions in all treatments were
0.25–0.5 mm and 0.5–1 mm, and the sum of these two fractions accounted for 64.35%–51.10% of total
weight. The 0.106–0.25 mm and <0.106 mm fractions were smaller, and the 1–2 mm fraction was the
smallest of all. In general, the percentages of >2 mm, 0.25–0.5 mm and 0.106–0.25 mm aggregates were
much higher in straw incorporation treatments than in CK. Maize straw incorporation also increased
the >2 mm fraction more than wheat straw using the same amount. The percentages of 0.25–0.5 mm
aggregates had the opposite trend.

Table 3. Characteristics of soil aggregates by wet sieving.

Treatment
Composition of Soil Aggregates (%)

>2 mm 2–1 mm 1–0.5 mm 0.5–0.25 mm 0.25–0.106 mm <0.106 mm

CK 5.70 c 10.27 a 28.34 a 29.90 c 11.53 b 14.26 a

M1 13.08 ab 4.97 b 16.31 b 34.79 b 17.08 ab 13.77 ab

M2 15.25 ab 4.44 b 25.34 ab 32.25 bc 10.67 b 12.05 ab

M3 18.82 a 4.41 b 25.47 ab 26.13 c 13.60 b 11.57 ab

W1 8.43 bc 4.17 b 15.46 b 41.30 a 15.20 b 15.44 a

W2 5.10 c 3.74 b 22.43 ab 41.92 a 11.33 b 15.48 a

W3 10.08 b 5.54 b 17.03 b 39.08 ab 19.18 a 9.09 b

Different lowercase superscript letters (a, b, c, d) indicate significant differences at p < 0.05 within a column.

3.4. Soil Aggregate Stability

The effects of straw incorporation on soil aggregate stability were shown in Table 4. The MWDd
and GMDd in different straw incorporation treatments were higher than those in CK by dry sieving.
There were no significant differences in MWDw, GMDw, or water-stable macro-aggregates (>0.25 mm)
between CK and straw incorporation treatments by wet sieving. Furthermore, the MWD and GMD
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in straw treatments both increased with the amounts of straw incorporation, and treatment M3
(7500 kg¨ hm´2) had the highest MWD and GMD by either dry or wet sieving. Straw incorporation
increases soil aggregate stability, and the maize straw has a greater effect than wheat.

Table 4. Effects of straw incorporation on soil aggregate stability.

Treatment
Dry Sieving Wet Sieving

MWDd (mm) GWDd (mm) MWDw (mm) GWDw (mm) >0.25 mm (%)

CK 1.69 c 1.51 c 0.63 bc 0.44 ab 74.21 ab

M1 1.74 bc 1.58 bc 0.63 bc 0.41 ab 69.15 b

M2 1.81 ab 1.69 ab 0.71 ab 0.49 ab 77.28 a

M3 1.87 a 1.78 a 0.77 a 0.51 a 74.83 ab

W1 1.78 ab 1.65 ab 0.55 bc 0.37 b 69.35 b

W2 1.79 ab 1.66 ab 0.52 c 0.38 b 73.19 ab

W3 1.86 a 1.78 a 0.60 bc 0.42 ab 71.73 ab

MWDd = mean weight diameter values with dry sieving; GWDd = geometric mean weight values with dry
sieving; MWDw = mean weight diameter values with wet sieving; GWDw = geometric mean weight values
with wet sieving; >0.25 mm, the percent of water-stable aggregates which were >0.25 mm. Different lowercase
superscript letters (a, b, c, d) indicate significant differences at p < 0.05 within a column.

3.5. Correlations between Soil Enzymes, Aggregate Stability, and Soil Nutrients

Table 5 shows the correlations between soil enzymes, aggregate stability, and soil nutrients in
straw incorporated fields. Sucrase and urease activities were both significantly positively correlated
with SOC and AH-N. Alkaline phosphatase was significantly positively correlated with SOC and
POlsen, but negatively correlated with pH. There were no significant correlations between catalase
activity and soil nutrients except for EK, which had a significantly negative correlation with catalase.

Table 5. Correlations between soil enzymes, aggregate stability, and soil nutrients.

Soil variables pH SOC TN TP TK AH-N POlsen EK

Sucrase ´0.50 0.91 ** 0.15 0.17 ´0.64 0.95 ** 0.39 0.54
Urease ´0.55 0.93 ** 0.00 ´0.08 ´0.60 0.91 ** 0.12 0.38

Phosphatase ´0.78 * 0.89 ** 0.33 0.16 ´0.45 0.60 0.80 * 0.72
Catalase 0.10 ´0.63 ´0.31 ´0.53 ´0.66 ´0.59 ´0.75 ´0.79 *
MWDd ´0.75 0.93 ** 0.85 * 0.57 0.87 ** 0.88 ** 0.68 0.59
GMDd ´0.75 0.92 ** 0.85 * 0.58 0.85 * 0.86 * 0.68 0.56
MWDw 0.04 0.58 0.58 0.45 0.58 0.64 0.65 0.88 **
GMDw ´0.06 0.61 0.63 0.56 0.59 0.66 0.66 0.82 *

>0.25 mm ´0.20 0.38 0.47 0.63 0.44 0.50 0.37 0.44

* significant at p < 0.05; ** significant at p < 0.01.

The MWDd and GMDd had similar trends as the soil nutrients in that they both had significant
positive correlations with SOC, TN, TK, and EK. Neither MWDw nor GMDw had significantly
correlations with the soil nutrients except for EK. Furthermore, no significant correlations were
found between water-stable macro-aggregates (>0.25 mm) and any of the soil nutrients. Therefore, the
soil aggregate stability measured by MWD and GMD was more vulnerable to dry sieving than that to
wet sieving in this study.

4. Discussion

The application of crop residue to fields may be the key to promoting physical, chemical, and
biological attributes of soil quality in agricultural systems in developing countries [35]. Li and Jin [36]
reported that China produced 8.1 ˆ 108 t of crop straw in 2008, and this could be an important organic
fertilizer resource. That study showed the application of crop straw had positive effects on soil chemical
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properties. The straw incorporation with the high amount significantly increased SOC, TN, and TK,
and the available nutrients in the tillage layer compared with the low amount, or no straw in CK
after three years of annual applications in this study. The similar results were also reported by many
researchers [6,37–39], where SOC and its related parameter levels increased greatly by the incorporation
and decomposition of straw [40]. Furthermore, SOC and its related soil parameters were higher in
maize straw incorporation treatment than those in wheat straw treatment with the same amount, which
was consistent with other reports [41,42]. It may be related to the higher total C and N content, and
relatively lower C/N ratio in maize straw than that in wheat straw. Additionally, maize straw might
have a relatively higher decomposition rate caused by its lower lignin, cellulose, and hemicellulose
concentrations than wheat straw [41]. Therefore, crop straw incorporated to soil could improve SOC
content, other soil nutrients and soil carbon storage of farmland, which contribute to the sustainable
use of cultivated soil. Meanwhile, the incorporation of crop straw provides a source of readily available
C and N, which would stimulate the greenhouse gas emission [43]. Thus, some necessary measures
should be taken, when straw is to be applied, for the sustainability of agricultural field.

Furthermore, our results showed that straw incorporation had a tendency to acidify the tobacco
field soil. The incorporation of either straw significantly decreased the soil pH as compared with that
of CK, and the maximum reduction in pH values was found in the W3 treatment, which was consistent
with previous studies that reported a decrease in soil pH with the application of wheat straw [44],
maize straw [45], or rice straw [46]. The main reason was due to the dissociation of organic acids
released from the crop residues [47], or the nitrification of mineralized residue nitrogen [48], which
causes a soil pH decrease by producing protons in the straw residue decomposition. However, there
are also some opposite observations regarding the effect of plant residues on soil pH, which may result
from differences in composition and type of plant residues, characteristics of soils, and experimental
conditions between studies [49].

Soil enzymes are important because of their role in nutrient cycling, and are considered early
indicators of specific biochemical reactions in soil, because of their relationship to soil biology, ease
of measurement [9,50], and rapid response to soil management changes [51,52]. All soil enzymes,
except catalase, had increased after the application of either wheat or maize straw. Soil sucrase and
urease both exhibited significant positive correlation with SOC and AH-N. Similarly, the alkaline
phosphatase showed significant positive correlation with SOC and POlsen, but negative correlation
with pH. Catalase activity had no significant correlations with any tested soil nutrients except for EK
(Table 5). Increased soil enzyme activities might be due to increased SOC and C and N immobilization
during straw decomposition after application, as several studies have shown that soil enzyme activities
can be affected by SOC [53–55]. Soil pH did not show significant effects on soil enzymes, except for
alkaline phosphatase, in this study. Therefore, SOC was an important factor influencing most soil
enzyme activities, and could be an appropriate indicator of soil quality after straw application.

The straw incorporation treatments produced a larger >2 mm aggregate fraction than CK, either
by dry or wet sieving in this study, which was consistent with the results of Zhang et al. [2], who found
that soil physical quality could be improved by adding macro-aggregates through straw incorporation.
Meanwhile, the >2 mm aggregate fraction and SOC content both increased with the amount of straw
incorporated (Table 1, Table 3, and Table 4). This suggests that the straw incorporation promoted
formation of macro-aggregates from the loose soil particles, and then accelerated the accumulation
of organic matter. This result was similar to Blanco-Canqui and Lal [56] and Li et al. [57], who
reported that long-term straw application promoted the formation of soil macro-aggregates and
increased SOC concentration and soil aggregate stability. Straw incorporation provides external soil
organic matter (SOM) to soil, which serves as the core for aggregate formation [58], causing loose
soil particles to stick together and facilitating aggregate formation by combining fungal hyphae, fine
roots, root hair, and microorganisms with a high portion of easily degradable polysaccharides [59,60].
Soil aggregates can also protect SOM from decomposition by soil microorganisms by forming tight
organo-mineral complexes [61]. Meanwhile, higher content of SOM might have a greater effect on
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stability of soil aggregates expressed as MWD and GWD, and they were found to be positively
correlated with SOC content in this study (Table 5). When large amounts of organic matter are present,
hydrophobic substances formed because straw decomposition can influence aggregation by coating
soil aggregates, slowing water invasion, and reducing the rapid wetting effect [62,63]. Furthermore,
the SOC could improve the soil aggregate stabilization by increasing the soil hydrophobicity and
reducing its breakdown [64]. Thus, the result suggested that straw incorporation is an effective practice
for improving the soil aggregate structure and stability through the association with SOC.

Nowadays, the loss of SOM is of great concern, particularly as it is commonly low in the arid
agricultural soils in Eastern China, where the conventional soil practices involve the removal or
burning of crop straws. Therefore, incorporation of maize or wheat straw can promote enzyme activity,
soil aggregation, and aggregate stability by increasing SOC content. In addition, the maize straw
incorporation at 7500 kg¨ hm´2 in this study have a significant effect than others on these soil properties
in tobacco fields of Eastern China.

5. Conclusions

In summary, SOC, its related parameters, and soil enzyme activities, except for that of catalase,
were all increased with increasing amounts of straw incorporated into tobacco field soil. The fraction
of >2 mm soil aggregates increased more with maize straw incorporation than with wheat straw.
The stability of soil aggregates also increased with the amount of maize or wheat straw incorporated.
The incorporation of maize or wheat straw might promote soil enzyme activity, soil aggregation, and
aggregate stability by increasing the SOC content. Maize straw incorporation had greater effects
on these soil physical, chemical, and biological parameters than wheat straw at the same amount.
And maize straw incorporation at 7500 kg¨ hm´2 is the best choice to improve soil fertility in tobacco
fields of Eastern China.
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