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Abstract. Urban green space could efficiently tackle surface water management issues in modern cities,
especially in the Loess Plateau where the urban environment is constrained by poor soil quality as well as
limited and unevenly distributed precipitation. Numerous studies based on farmland have demonstrated that
organic amendments could improve soil quality and the water holding capacity by increasing soil organic
matter content and aggregate stability via functions of soil microorganisms. In this case, we show that
organic amendments that successfully applied in agriculture could also be served to improve the soil quality
underneath the urban green space in the Loess Plateau. On the whole, organic amendments performed better
than inorganic ones. Specifically, animal manure imposed the greatest beneficial effects on soil water
holding capacity, soil aggregation, as well as microbial diversity and activity, followed by plant residue and
mushroom residue. In contrast, polyvinyl alcohol and volcanic pumice imposed no obvious, if not negative,
effect on soil properties. In conclusion, animal manure could be a good soil amendment for urban green
space, especially in the arid area of the Loess Plateau or other regions with similar soil properties.
Keywords: Sponge City, water storage and conservation, aggregate stability, soil organic matter, organic
amendment

Introduction

“Sponge City” is a novel urban operational concept that aims to make city a more
livable environment, with focus on tackling urban water management issues, such as
purification of surface runoff, attenuation of peak as well as water conservation (Chan et
al., 2018). As core component of this concept, urban green space could efficiently tackle
those problems that coming with the rapid urbanization and industrialization, such as air
pollution (Chen et al., 2019), heat-island effect (Cai et al., 2019), surface-water
management (Chan et al., 2018). To achieve these purposes, it is necessary to transform
the traditional urban conditions accordingly, especially the soil underneath the green
space. Regarding the soil amelioration in urban green space, related studies mainly
focused on the soils that were contaminated by heavy metals (Khan et al., 2017) and/or
organic pollutants (Gong et al., 2016), while ignored those that were unpolluted but
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constrained by fragile structure and poor fertility. But soil natural quality (physical,
chemical and biological properties) could also affect directly and/or indirectly the health
of urban soil and the corresponding ecological functions, including the environmental
livability and urban landscape (Vienneau et al., 2017).

As core component of soil physical quality, soil aggregates are groups of soil particles
that bind to each other more closely than to adjacent particles (Follett et al., 2009). Often,
the stability of soil aggregate can indicate the formation, stabilization and degradation of
the soil structure (Verchot et al., 2011). In general, soils with an optimum level of
aggregation will be more resistant to rapid water penetration and erosion (Karlen et al.,
2008). Soil organic matter (SOM) is another indicator of soil quality because of its
important roles including biological functions regarding the growth of beneficial soil
microorganisms; chemical functions regarding the cycling and supplying essential plant
nutrients; physical functions regarding the soil structure, runoff, as well as water and air
transmission (Karlen et al., 2008; Zou et al., 2015; Tang et al., 2018; Zhang et al., 2018).
Often, the stability and content of soil aggregates are positively correlated with soil
fertility because the cohesion of aggregates is promoted mainly by organic polymer
binding agents (Zhang et al., 2018). For example, Loess, an aeolian deposit, is primarily
composed of silt-sized particles (<2.0 mm), and it is indeed constrained by both fragile
soil structure and low soil organic matters (Guo et al., 2019). Such soil formation occurs
widely around the world with the most extensive distribution in China (Sun, 2002; Hua
et al., 2016). Influenced by continental monsoons and large variation in seasonal
precipitation, the Loess soil often induces severe environmental disasters (Xu and Wang,
2016), i.e. the easily slaked soil aggregates lead to soil collapse in rainstorm, while cause
severe drought/dust in dry season (Tisdall and Oades, 1982).

Currently, soil amelioration mainly focuses on agricultural system (Karlen et al., 2008;
Zhang et al., 2011). Numerous studies have reported successful application of, both
organic and inorganic, soil amendments on improving soil structure and fertility (Miao et
al., 2013; Chang et al., 2019; Su et al., 2019). Organic amendments, such as typical
agricultural residues - animal manure and plant straw - are widely applied to improve soil
fertility mainly by introducing amount of organic carbon as well as other
nutrient/resources. Soil microbial community stimulated by these increased substrate
could accelerate the formation of soil organic matters (SOM), with which to increase the
binding of soil particles and soil aggregation (Peregrina et al., 2012; Feng et al., 2015;
Wang et al., 2018). For example, in North China Plain, after 2 - 4 years of manure
application, indigenous Bacillus asahii becomes the predominant population, which plays
a key role of increasing crop yield and soil fertility (Feng et al., 2015). There are also
many synthetic organic polymers that applied in soil amelioration practice for a long time
(Stefanson, 1973; Wu et al., 2010). Take polyvinyl alcohol (PVA), a type of uncharged
but hydrophilic synthetic organic polymer for example. With the attachment between
polymer and clay surface by hydrogen binding, PVA could efficiently defend surface soil
from rainfall shock in clay soil (Stefanson, 1973; Wisniewska, 2010), and they have
already applied to improve soil aggregation, hydraulic conductivity and decrease water
evaporation with quite stable performance (Bouranis et al., 2008). For inorganic
amendment, volcanic pumice (VOP) is a widely-used naturally-suited soil conditioner
with numerous benefit for soil properties. With its porous structure on surface and more
than 70 trace minerals inside, VOA could promote soil moisture retention and nutrient
availibility, stimulate soil aggregation and enhance soil drainage, and it doesn’t
decompose, rot or blow away (Noland et al., 1992; Temiz and Cayci, 2018). However,

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(3):3861-3872.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1803_38613872
© 2020, ALOKI Kft., Budapest, Hungary



Zhang et al.: Animal manure functions as soil amendment for urban green space in the Loess Plateau
- 3863 -

due to limited investigation, it is not clear whether these soil amelioration practices in the
agricultural system are still effective in urban green space.

In this study, we conducted an experiment to estimate the effect of several soil
amendments (organic vs. inorganic) on the physical and biological properties of the soils
underneath urban green space in Guyuan, a typical small city located in the central of the
Loess Plateau. More than 50% of Guyuan annual precipitation falls during summer, most
of which are in heavy storms (Zhang et al., 2014), causing urban waterlogging and soil
collapse, threatening the construction and maintenance of urban infrastructures (Liu et
al., 2015). In contrast, the rainfall from February to March only accounts for 3% ~ 6% of
the total annual precipitation, inducing spring drought, causing surface cracking and soil
layer spalling (Li et al., 2019). In this case, we have two aims: 1) estimate the effect on
urban green space of effective soil amendments that have already successfully applied in
agriculture; 2) compare the amelioration effects of organic and inorganic amendments.

Materials and Methods
Soil selection and experiments

The soil was collected at the roadsides of Guyuan City (35°14'-35°38'N,
105°20"-106°58'E), Ningxia Hui Autonomous Region, which lies in the Loess Plateau.
Located in the arid area of northern China, Guyuan has a typical continental monsoon
climate with a mean annual precipitation ranging between 250-820 mm and annual
evaporation ranging from 1250 to 2000 mm (Chao et al., 2017). The dominant soil type
in the study area is loessal Cambisol (Xue and An, 2018) with a loamy texture (clay 20%,
silt 60%, sand 20%), and its basic properties were as follows: pH 8.4, soil organic carbon
(SOC) 4.7 g/kg, soil total nitrogen (TN) 0.53 g/kg, soil total phosphorus (TP) 0.45 g/kg,
soil total potassium (TK) 10.9 g/kg, alkaline nitrogen (AN) 43 mg/kg, available
phosphorus (AP) 7.5 mg/kg, available potassium (AK) 123 mg/kg. Before use, the soil
was air-dried, homogenized and sieved <2 mm. Roots and other plant residues were
carefully removed. There were 6 treatments with 3 replicates 5 soil amendments prepared
in the experiment: They were soils amended with three common agricultural residues:
animal manure (naturally air-dried cow manure without composting here, AM),
mushroom residues (composted spent mushroom substrate, MR), plant residues (air-dried
maize straw without further treatment, PR) and other two widely used inorganic
amendments: synthetic polyvinyl alcohol (PVA), natural volcanic pumice (VOP). AM,
PR and MR were ground to debris and sieved through 2 mm before use. PVA and VOP
were powders. About 150 g air-dried soil was homogeneously mixed with the
above-mentioned organic substrates and inorganic amendments at a ratio of 3% w/w. The
mixed soils were immediately filled into containers (60 ml tubes, 12 cm in height). The
physical mixing of the soil was performed with the unamended control soil.

A modified cutting-ring method (Lu, 2000) was adapted to evaluate the water holding
capacity (WHC) of soils with a simulated precipitation and the following drainage
process. Briefly, all tubes were submerged into the water for 6 hours to amke a saturation.
Initial weight of each tube was recorded after taking out from water and standstill for
1-hour. Maximal water-holding capacity of soils were calculated by the weight difference
of water-saturated soils and air-dried soils. The samples were then positioned outside, the
weight of the tubes was recorded daily to estimate the changes of soil WHC during the
drainage. After two cycles of wetting-drying, the soils was collected to measure enzyme
activity, aggregate stability and microbial diversity. Soil aggregate stability was measured
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following the method developed by Le Bissonnais (2016) and expressed as mean weight
diameter (MWD). MWD values above the threshold of 1.3 denoted stable soil structures
(Le Bissonnais, 2016). Dehydrogenase and B-glucosidase activity were determined
following the method of Casida et al. (1964) and Eivazi and Tabatabai (1990),
respectively.

Soil bacterial community assays

Soil total genomic DNA was extracted from 0.5 gram of soil using the FastDNA Spin
Kit for Soil (MP Biomedicals, Santa Ana, USA) according manufacturer’s instructions.
For more information on PCR procedure and sequence analysis could be referred to Feng
et al. (2018).

Total 347,556 sequences of bacterial 16S rRNA gene with a range of 8,018 and 36,503
sequences per sample were obtained. Alpha diversity was calculated using 8,000 reads
per sample (nearly closed to minimum number of sequences required to normalize the
differences in sampling effort) with multiple indices (observed species (hereafter,
Richness), Shannon-Winner index (hereafter, Shannon) and phylogenetic diversity
(hereafter, PD)).

Statistical analysis

Statistical procedures were calculated using the IBM Statistical Product and Service
Solutions (SPSS) Statistics for windows (Version 13). The data were expressed as the
means with standard deviation (SD), and different letters indicated significant differences
among different amendments. ANOVA was performed to determine the effects of
amendments, followed by Tukey’s HSD test. Differences of P < 0.05 were considered
significant.

Result
Changes of soil chemical and physical properties

Important soil fertility indices such as pH and SOC, as well as soil aggregate stability
were quantified (Fig. 1). Soil pH was slightly alkaline and not affected by the different
amendments. Compared to the unamended soil (Ctrl), AM amendment significantly
increased the SOC content, while other amendments had no significant effects on SOC
content(p < 0.05). AM and PR amendmentssignificantly increased the soil MWD value
(p < 0.05). The results showed that animal manure could efficiently bind soil particles
together very likely due to the increased SOC content. While, two inorganic amendments
PVA and VOP did not alter soil proterties, regardless of chemical (pH and SOC) and
physical (MWD) features. However, MWD for all treatments was less than 1.3, close to
the threshold which differentiates a stable from an unstable soil (Le Bissonnais, 2016).
This indicates that improved soil structures in such soil-eroded areas are in scarcity and
it would require prolonged periods of time or more amount of amendments to be formed.

Changes of soil water holding capacity

We further present the alteration of soil water holding capacity (WHC) among
different amendments (Fig. 2), the results show very similar dynamic patterns with those
observed for soil aggregate stability and SOC content (Fig. 1). Four amendments AM,
PR, MR, and PVA had a higher WHC than Ctrl treatment, indicating an increased soil
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water storage capacity. It is obvious that three treatments of orgnic amendments had
strogher effects than two treatments of inorangic amendments. In contrast, VOP
amendment had no effects or even negative effects on WHC (Fig. 2 and Table 1).
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Figure 1. Soil pH, SOC content and aggregate stability (MWD, mean weight diameter) of soils
amended with animal manure (AM), mushroom residue (MR), plant residue (PR), synthetic
polyvinyl alcohol (PVA) and natural volcanic pumice (VOP). Different letters above bars
denotes significant differences at p < 0.05
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Figure 2. Changes of soil water holding capacity from soils amended with animal manure
(AM), mushroom residue (MR), plant residue (PR), synthetic polyvinyl alcohol (PVA) and
natural volcanic pumice (VOP). Data were means of 3 replicates. Two peaks represent
simulated heavy rainfall

Table 1. Soil water holding capacity among different amendments at four timepoints

(corresponding to Figure 2)

Tl T2 T3 T4

Ctrl 1.46+0.01 (b) 1.08+0.01(ab) 1.38+0.01 (ab) 1.09+0.01 (a)
AM 1.52+0.01 (d) 1.140.01 (d) 1.5+0.02 (c) 1.1740.02 (c)
PR 1.46+0.01 (be) 1.10.01 (be) 1.42+0.01 (b) 1.120.01 (b)

MR 1.49+0.01 (cd) 1.10.01 (be) 1.43+0.02 (b) 1.120.01 (b)

PVA 1.46+0.02 (bc) 1.11+0.01 (c) 1.430.02 (b) 1.1340.01 (b)
VOP 1.42+0.02 (a) 1.080.01 (a) 1.3670.03 (a ) 1.1+0.02 (ab)

Data were shown as mean+SD. Different letters in one column denote significant differences at P < 0.05
Across the two wetting-drainage cycles, AM consistently increased soil WHC
(P<0.05, Fig. 2). Specifically, compared to Ctrl, the soil with AM amendment could store
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13%, 75%, 31% and 88% more water at T1, T2, T3 and T4, repectively (Table. 1). It
indicated that AM amendment was able to increase the maximal WHC during
precipitation and maintain a higher moisture during drought. MR and PV A increased soil
WHC after precipitation (T1) and drainage (T3) during first wetting-drainage cycle,
respectively, while VOP significantly decreased soil WHC. During second cycle, PR,
MR, PVA amendments all significantly increase soil WHC at drainage stage.

Effects of soil amendments on bacterial diversity and activity

The microbial communities developed at different soil amendment conditions after
nearly 60 days of two cycles of wetting-drainage process were investigated. A dataset of
347,556 quality sequences were produced from all soil samples, with almost all classified
to the kingdom of bacteria. The total number of OTUs was 2,640 defined by 97%
sequence similarity. Both AM and PR amendments significantly increased the bacterial
Richness, Shannon values (p < 0.05), with AM having the largest effect among all
amendments. MR imposed no significant impact on bacterial community at taxonomic
level (Richness and Shannon) (p > 0.05), while VOP significantly decreased the bacterial
diversity at both taxonomic diversities (Richness and Shannon) (p < 0.05) (Fig. 3).
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Figure 3. Bacterial community diversity of soils amended with animal manure (AM), mushroom
residues (MR), plant residues (PR), synthetic polyvinyl alcohol (PVA) and natural volcanic
pumice (VOP). Data are means of 3 replicates (mean + SD). Different letters above bars denote
significant differences at p < 0.05

e 5

The dehydrogenase and B-glucosidase were used to estimate the influence of the
amendments on soil microbial activities to indicate the degradation of organic matter as
well as its nutrient turnover capacities (Schroder et al., 2014). Compared to the
unamended soil, AM, MR, and PR all significantly increased the soil dehydrogenase and
B-glucosidase activities (p < 0.05), while PVA and VOP imposed no evident, impact
(p > 0.05) (Fig. 4). AM imposed the greatest positive impact on the two important soil
enzymes; this indicated that animal manure could efficiently increase soil biogeochemical
activity. This observation was consistent with the significant increase in SOC content

(Fig. 1).
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Figure 4. p-glucosidase and dehydrogenase activity of soils amended with animal manure
(AM), mushroom residues (MR), plant residues (PR), synthetic polyvinyl alcohol (PVA) and
natural volcanic pumice (VOP). Data are means of 3 replicates £ 1 SD. Different letters above
bars denote significant differences at threshold p < 0.05

Discussion

Soil quality is strongly defined by several interactions between chemical and
biological components, including soil organic matter and microbial community, which
both play key roles on soil fertility (Faissal et al., 2017). As a typical place in the Loess
Plateau, Guyuan is characterized with a rather poor soil quality (Fig. 1). The MWD is
rather less than 1.3, the threshold that indicates a relative stable soil structure
(Le Bissonnais, 2016), and its soil fertility is also quite lower than the typical infertile soil
(Feng et al., 2015). In this study, overall, organic amendments significantly increased
SOC content, soil aggregate stability as well as the concomitant soil water holding
capacity and microbial diversity/activity in different degree, while inorganic amendments
didn’t impose any beneficial effect (Figs. 1-4).

Accelerating number of studies have confirmed that organic amendments (manure,
straw, fermentation, etc.) could be used to improve soil structure (i.e., increase soil
porosity and aggregate stability, but decrease bulk density) and fertility mainly by
increased SOC (Garccia-Orenes et al., 2005; Peregrina et al., 2012; Li et al., 2014). In
this process, soil microorganisms drive the turnover of humic substances which could
increase the connectivity of soil particles. In addition, they are the primary means by
which nutrients in organic matter can be utilized by plants and other autotrophs (Bell et
al., 2005; Verchot et al., 2011). When soil structure improves through aggregation by
binding soil particles together (Fig. 1), it provides with a proper niche for soil microbial
community (Chen et al., 2017). Indeed, we observed consistent dynamic patterns on the
increased soil bacterial diversity (Fig. 3) and enzyme activities (Fig. 4) with organic
amendments. It is acknowledged that microbial communities with relatively high
biodiversity could transform carbon from organic debris into biomass at accelerated rates
with higher conversion efficiency (Maeder et al., 2002; Bell et al., 2005; Patsch et al.,
2018). These results were consistent with other previous studies. For example, Maeder et
al. (2002) found that organic manure supports a diverse and active biotic community
which could decompose more carbon than the ones present in conventional soil. In
addition, manure amendments could also inhibit the pathogenic microbes in soil; thus,
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reduce plant diseases (i.e. scab and wilt incidence) (Conn and Lazarovits, 1999). Taking
together, with the significant effect on improving soil structure and fertility, organic
amendments could strengthen the roles of urban green space to regulate and conserve
surface water source in the Loess Plateau (Fig. 2).

Among all organic amendments in this study, we consistently observed that animal
manure surpasses plant and mushroom residues on their soil amelioration effects in both
physical and biochemical properties. This is likely relevant to animal-source manure’s
feature as it is primarily composed of labile fractions (Xing et al., 2012; Wang et al.,
2019) as a result of the intestinal digestion. In comparison, plant and mushroom residues
are more recalcitrant due to their higher fractions of lignin and cellulose (Bao et al., 2019;
Wang et al., 2019). Easily degradable carbon substances impose an intense effect on soil
quality while more recalcitrant ones, such as lignin and cellulose, usually have lower
effects (Diacono and Montemurro, 2010). Mushroom substrate has been used as a soil
amendment due to its high organic matter content as well as other nutrients, however, it
usually takes up to 4 years to present a steady beneficial effect on soil quality due to its
recalcitrant nature (Peregrina et al., 2012). Similar studies showed that amendments of
organic materials from ex situ farmlands (animal manure, and other residues) could also
promote soil quality more efficiently compared to in situ similar additives (Long et al.,
2015). However, we should bear in mind that animal manure should be processed in
harmless treatment to avoid negative effects such as the contamination of antibiotics
(Peng et al., 2015) and heavy metals (Ji et al., 2012). Composted manure after batch
fermentation, to a large degree, could overcome such problems (Peng et al., 2015).

As expected, inorganic amendments imposed less effect on either soil physical or
biochemical properties than organic amendments (Figs. 1-4). PVA (polyvinyl alcohol) is
a type of uncharged synthetic organic polymer used as soil conditioner (Blavia et al.,
1971). With plausible interaction between the polymers and the clay surface via hydrogen
binding, PVA could efficiently protect the soil from water ingress (Stefanson, 1973).
Consistently, in this case we found that the water hold capability was increased by PVA
amendment. However, the other soil properties were not improved. The underlying reason
could be that PVA characteristics were dependent on the soil carbon content and humidity
(Moayedi et al., 2011), both of which are rarely available in the Loess Plateau where the
poor soil quality (silt-dominated, but not clay) and limited precipitation are the two major
threats. Additionally, PVA can become easily degradable, implying that it would just
impose an intense but transient effect on the soil properties as well as soil microorganisms
(Wisniewska, 2010). VOP is a prospering naturally-suited, hardly degradable soil
conditioner with numerous beneficial effect for the soil properties (Noland et al., 1992;
Cruz-Ruiz et al., 2016). However, in this study, VOP imposed no effect on the soil’s
physical and/or biochemical properties when compared to other amendments. Similar
phenomena were also reported by Temiz and Cayci (2018), who found that pumice had
little effect on soil aggregation, compared to plant residues. Given the fact that
evaporation is often larger than precipitation in the Loess Plateau (Chao et al., 2017),
plausible high mineral content in VOP amendments (Cruz-Ruiz et al., 2016) could even
deteriorate soil quality via increased soil salinity (de Meester, 1970). In addition,
considering the main constraint in the Loess Plateau was the rather low SOM content
(Guo et al., 2019), VOP could offer nothing to improve, if not worsen the status of soil
functioning as a carbon sink (Fig. 1). Above all, VOP and PVA amendments alone could
not impose long-last beneficial effects, and thus were inappropriate to improve the soil
structure in arid areas.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(3):3861-3872.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1803_38613872
© 2020, ALOKI Kft., Budapest, Hungary



Zhang et al.: Animal manure functions as soil amendment for urban green space in the Loess Plateau
- 3869 -

Conclusion

Application of exogenous amendments can affect the soil structure and bacterial
community in soils from the arid area of the Loess Plateau. Compared with the widely
used inorganic soil amendments (i.e. polyvinyl alcohol and volcanic pumice), organic
amendments (animal manure, plant residue and mushroom residue) significantly
increased soil water holding capacity, aggregate stability as well as microbial diversity
and activity. Overall, animal manure imposed the greatest beneficial effect to the soil
properties, followed by plant residue and mushroom residue. Animal manure could
function as soil amendment for urban green space in the Loess Plateau and other regions
with similar soil properties.
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