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a b s t r a c t

Manure is an important source of nutrients for plants and stimulates a wide range of enzyme-mediated
microbial processes. Such stimulation, however, depends on manure distribution and the duration of its
decomposition in soil. For the first time, we investigated the spatio-temporal patterns of enzyme ac-
tivities as affected by manure application strategies: 1) Localized manure: manure application as a layer
in the upper soil; 2) Homogenized manure: mixing manure throughout the soil; and 3) Control without
manure. Tibetan barley was planted on soil managed with yak manure from the Tibetan Plateau. Soil
zymography was used to visualize the two-dimensional distribution and dynamics of the activities of
three enzymes responsible for cycling of carbon (b-glucosidase), nitrogen (N-acetylglucosaminidase) and
phosphorus (phosphomonoesterase) over 45 days. The manure detritusphere increased enzyme activ-
ities relative to the control (which had only the rhizosphere effect of barley) and this stimulation lasted
less than 45 days. Enzyme activities in the manure-induced hotspots were higher than on the barley
rhizoplane, indicating that the detritusphere stimulated microbial activities more strongly than roots.
Homogenized manure led to 3e29% higher enzyme activities than localized manure, but shoot and root
biomass was respectively 3.1 and 6.7 times higher with localized manure application. Nutrients released
by high enzyme activities within the whole soil volume will be efficiently trapped by microorganisms. In
contrast, nutrients released from manure locally are in excess for microbial uptake and remain available
for roots. Consequently, microorganisms were successful competitors for nutrients from homogeneous
manure application, while plants benefited more from localized manure application. We conclude that
localized manure application decreases competition for nutrients between the microbial community of
manure and the roots, and thereby increases plant performance.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Livestock manure application has been widely accepted as a
sustainable management practice in agriculture, providing envi-
ronmentally and agronomically sound outcomes (Risse et al., 2006;
Brandjes et al., 1996; Scotti et al., 2015). Manure incorporation into
soil forms a detritusphere abundant in organic carbon (OC) and
nutrients (Moore et al., 2004). It is beneficial for improvement of
soil quality and crop production (Butler et al., 2013; Calleja-
Cervantes et al., 2015; Zaller and K€opke, 2004).

The application strategy is an important aspect of manure
management (Webb et al., 2010; Thomsen, 2005). It affects soil-
plant-microbial interactions by determining the locations of nu-
trients or altering soil properties (moisture, O2 diffusion, bulk
density) (Acosta-Martínez andWaldrip, 2014; Zhu et al., 2015). As a
consequence, responses of plants and microorganisms vary
depending on themanure application strategy. For instance, mixing
of manure into soil increased soil microbial biomass (Lovell and
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Jarvis, 1996; Malik et al., 2013), but no response of soil microbial
biomass was observed when manure pats were placed on the soil
surface (Lovell and Jarvis, 1996; Cai et al., 2014). Although
remarkable increases in plant production have been reported after
either incorporating manure into soil (Malik et al., 2013) or
broadcasting manure on the soil surface (Aarons et al., 2009;
Matilla, 2006), a direct comparison of plant production under
various manure application strategies is still lacking.

Enzymes, excreted by both plants and microbes, are early in-
dicators of soil quality and the main mediators of organic matter
decomposition (Nannipieri et al., 2007; Sinsabaugh et al., 2008).
Assays of enzyme activities have been widely used to investigate
the influence of manure application on soil nutrient cycling and
microbial activities. Most studies observed significantly increased
enzyme activities in soils amended with livestock manures (Liang
et al., 2014; Calleja-Cervantes et al., 2015; Bell et al., 2006). How-
ever, the study of spatial and temporal responses of enzyme ac-
tivities requires advanced visualization technology (Acosta-
Martínez and Waldrip, 2014).

On the Tibetan Plateau, yaks (Bos grunniens) are one of themain
species of livestock, and around 40% of their manure is used as
fertilizer for cropland and pastures (FAO, 2003; Wang, 2009).
However, the impact of yak manure application strategies on the
growth of Tibetan barley e a staple crop e and on soil enzyme
activities remains unknown. Such knowledge could lead to better
manure application strategies. We used soil from the Tibetan
Plateau for better consideration of local nutrient conditions and soil
properties, and in the context of prevalent ecosystem degradation
(Babel et al., 2014; Hafner et al., 2012).

Here we used direct soil zymography (Razavi et al., 2016) to
investigate the impact of different yakmanure application strategies
on the growth of Tibetan barley (Hordeum vulgare L.) and on the
temporal and spatial patternsof enzymeactivities inTibetan soil.We
compared manure application strategies using three treatments
(Fig. 1): 1) Localized manure: manure application as a layer in the
upper soil; 2) Homogenized manure: mixing manure throughout
the soil; and 3) No manure: a control without manure application.
Our objectives were to investigate the effects of manure application
strategy on plant shoot and root biomass and on the spatial and
temporal patterns of soil enzyme activities. Direct soil zymography
was used to visualize and quantify the spatial and temporal distri-
bution of enzyme activity for the three enzymes: b-glucosidase,
phosphomonoesterase andN-acetylglucosaminidase.b-glucosidase
is responsible for catalyzing the hydrolysis of terminal 1,4-linked b-
D-glucose residues from b-D-glucosides (German et al., 2011) and is
Fig. 1. Rhizoboxes with barley growing under three manure application strategies: No man
the soil layer between 1.0 and 2.5 cm below the soil surface (right).
involved in the carbon (C) cycle. Phosphomonoesterase, which cat-
alyzes the hydrolysis of organic phosphorus (P) compounds to
inorganic P (Eivazi and Tabatabai, 1977; Malcolm, 1983), is involved
in the P cycle. N-acetylglucosaminidase (chitinase), which accom-
plishes the decomposition of chitin to yield low molecular weight
chitooligomers (Hamid et al., 2013), is responsible for C- and nitro-
gen (N) -acquisition.

The considerable addition of labile organic compounds and
nutrients in manure are expected to greatly influence plant and
microorganism activities, and therefore soil enzyme activities. We
hypothesized - H1: weaker enzyme activities at the root-soil
interface as compared with a strong increase of enzyme activities
in the manure-induced detritusphere; H2: stronger stimulation of
plant growth by the homogenized manure application strategy.
2. Materials and methods

2.1. Soil and yak dung sampling

Soil was sampled at the research station “Kobresia Ecosystem
Monitoring Area” (KEMA) (31�1604500N 92�5903700E, 4410 m a.s.l.),
whichwas established by Prof. GeorgMiehewith the support of the
VW foundation, and which now belongs to the Tibet University and
the Institute of Tibetan Plateau Research in Nagqu. The soil was
classified as a Stagnic Eutric Cambisol (Humic) (WRB, 2014) with a
texture of 50% sand, 33% silt and 17% clay. The pH value (H2O) was
6.9 ± 0.03 and soil bulk density was 0.92 g cm�3. Yak dung was
collected from Nangqian town, Yu Shu Prefecture (32�040N,
96�310E, 3600 m a.s.l.). Before being sampled, dung was piled and
composted in the field.

In total, 10 soil core samples (25 cm deep, 5 cm diameter) were
taken within an area of ca. 100 m2. All the samples were hand-
mixed and roots and stones were removed. The composite soil
and composted yak dung samples were stored in ziplock bags at
4 �C, transported to the laboratory of the University of G€ottingen
and passed through a 2 mm sieve in preparation for incubation.
Daily mean temperature during the sampling month ranged from
3.2 �C to 21.3 �C, so the temperature used for transportationwas not
uncommon and would not strongly affect soil and manure
characteristics.

Additional soil and dung samples were oven-dried at 60 �C for
48 h to measure carbon (C) and nitrogen (N) content. Initial water
content was measured by oven-drying samples at 105 �C. Soil C and
N contents were 3.4 ± 0.11% and 0.3 ± 0.01%, respectively. The yak
dung contained 37 ± 0.3% C and 1.3 ± 0.04% N.
ure (left), manure homogenized with the whole soil (middle), and manure localized in



Fig. 2. Response of phosphomonoesterase (top), b-glucosidase (middle) and chitinase
(bottom) activities to manure application strategies over time. The embedded tables
show relative changes of enzyme activities between 5 and 25 days, and 25 and 45 days.
Error bars represent standard deviations (±SD).
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2.2. Experimental set-up

Experimental samples were prepared to simulate the following
manure applications (Fig. 1): 1) Localized manure: manure appli-
cation as a layer buried in the upper soil; 2) Homogenized manure:
mixing manure into the soil. Homogenized manure applicationwas
comparable to fertilizer broadcasting and plowing; and 3) No
manure: a control without manure application. For the localized
manure application, 110 g fresh soil (water content: 10%) was first
added to a rhizobox (14.2 � 12.4 � 1.0 cm) and then 5 g of com-
posted yak dung (water content: 94%) was evenly spread across the
soil surface in a 1.5 cm layer. A small quantity of soil was then
spread above the manure to form a shallow soil layer (~1 cm) to
ensure plant growth. For the homogenized manure strategy, 110 g
fresh soil and 5 g composted yak dung were mixed homogeneously
and placed in rhizoboxes (mixture: 4.5% C and 0.3% N; water con-
tent: 11%). The third treatment only included 110 g soil and was the
control (“No manure”). Each application strategy had three repli-
cates, so a total of nine rhizoboxes were prepared. Tibetan barley
seeds (Hordeum vulgare L.) were germinated on filter paper for 72 h
to ensure plant growth, to avoid fungal contamination and errors
caused by seedling difference. One seedling was planted in each
rhizobox at a depth of 5 mm. Yak dung (5 g) was added to 110 g soil
to meet the optimal C/N ratio for barley growth, taking into
consideration the low plant density used in this study (i.e. one
seedling for each rhizobox) (Aarons et al., 2009; Liu et al., 2013). The
rhizoboxes were placed in an incubation chamber set to 20 �C, with
photosynthetically active radiation intensity of 300 mmol m�2 s�1

and 14 h daytime, which is within the range of the field conditions
during the growing season.

Plants grew for 45 days, after which the roots completely
occupied the rhizoboxes. During growth, the rhizoboxes were kept
inclined at an angle of 45�, so that the roots grew along the lower
wall of the rhizoboxes. The soil water content was maintained at
65% of the water holding capacity by maintaining the rhizobox at
constant weight with distilled water.

After the incubation was stopped at day 45, the barley plants
were destructively sampled. All visible roots were also picked out
from the soil. The roots werewashedwith distilled water to remove
soil particles and plant biomass was oven-dried at 60 �C for 48 h.
Shoot and root biomass were then weighed.

2.3. Soil zymography and imaging procedure

Zymography was performed after 5, 25 and 45 days as an in situ
non-destructive technique to study the spatial and temporal pat-
terns of enzyme activities as affected by manure applications. We
made the first zymogramms at day 5 (at early stage of growth) to
avoid strong effects of roots and physical disturbances.We followed
the protocol improved by Razavi et al. (2016). Membranes saturated
with 4-methylumbelliferone (MUF) substrates were used for visu-
alization of enzyme activities. The substrates become fluorescent
when enzymatically hydrolyzed by the corresponding enzyme
(Dong et al., 2007). 4-Methylumbelliferyl-b-D-glucoside (MUF-G)
was used as substrate to detect b-glucosidase activity; 4-
methylumbelliferyl-phosphate (MUF-P) to detect phosphomono-
esterase activity; and 4-methylumbelliferyl-N-acetyl-b-D-glucosa-
minide (MUF-C) to detect chitinase activity. Each of these
substrates was separately dissolved to a concentration of 10 mM in
universal buffer (MES buffer, pH: 6.7) (Koch et al., 2007) (Sigma-
Aldrich, Germany). Polyamide membrane filters (Tao Yuan, China)
with a diameter of 20 cm and a pore size of 0.45 mmwere cut to fit
the rhizoboxes. Membranes were saturated with the substrate so-
lution for each enzyme. The rhizoboxes were opened from the
lower, rooted side and the saturated membranes were applied
directly to the soil surface (Razavi et al., 2016). After incubation for
1 h, the membranes were carefully lifted off the soil surface and any
attached soil particles were gently removed using tweezers. One
hour of incubation time was selected based on preliminary exper-
iments and previous studies (Hoang et al., 2016).

To quantify the zymogram images, a standard calibration that
relates the activities of various enzymes to zymogram fluorescence
(i.e. fluorescence of the saturated membrane) is required. The
calibration was based on zymography of 2 � 2 cm membranes
soaked in a solution of MUF e the fluorescent tag attached to each
substrate proxyewith concentrations of 0.01, 0.05, 0.1, 0.5,1, 3, 6, 8,
10 mM. The amount of MUF on an area basis was calculated from
the solution volume taken up by the membrane and its size. The
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membranes used for calibration were photographed (EOS 5D,
Canon) under UV light and analyzed in the same way as for the
samples (Razavi et al., 2016).
2.4. Image processing and analysis

Fluorescence of the zymograms under UV light shows the areas
where substrate has been enzymatically degraded. The intensity of
fluorescence is proportional to the activity of the enzyme. To get
quantitative information, we processed the zymogram images in
Matlab, according to Razavi et al. (2016). Briefly, zymograms were
transformed to 16-bit grayscale images as matrices and corrected
for light variations and camera noise (Menon et al., 2007;
Zarebanadkouki et al., 2012). Then, all zymograms were refer-
enced based on the grayvalue of a reference object embedded in all
the zymograms. The scaled black flat field identical in all images
was considered as a background (reference object) during the
whole image processing. We used the grayvalue obtained from
these black sides of the sample as the referencing point. After
referencing the zymograms, we calculated an average background
Fig. 3. Examples of zymograms for phosphomonoesterase activities. Three rows represen
mogenized manure and 3) Localized manure. Figures from left to right are the measureme
(nmol cm�2 h�1).
grayvalue through the zymograms of calibration lines at concen-
tration of zero and subtracted this value from all the zymograms.
The grayvalue of each zymography pixel was converted to enzyme
activity using the calibration function obtained for each enzyme
(Razavi et al., 2016).

The processed 16-bit grayscale images were used for further
analysis. To assess the response of plant roots to the manure
application strategies in the context of enzyme activities, the
average enzyme activities of the rhizoplane were compared with
the activities of soil hotspots. Entirely visible, non-overlapping
roots at the soil surface were selected. Hotspots were considered
to be areas in which the grayvalues of five adjacent pixels (each
equals 0.1 � 0.1 mm) all exceeded the average greyvalue of the
whole image (i.e. >0.7, represented by red in Fig. S1). Twenty
squares (each 50 � 50 pixels) were randomly arranged on these
hotspots and the average grayvalue of these squares (GH) was
calculated to represent the average for soil hotspots. The roots
distinguishable on a zymogram were segmented and the average
grayvalues of the segments (GR) were calculated. GR and GH were
then converted to respective enzyme activities: ER and EH. The ratio
t response of activities to three manure application strategies: 1) No manure, 2) Ho-
nts at days 5, 25 and 45. The color bar corresponds to phosphomonoesterase activity



Fig. 4. Effects of manure application strategies on phosphomonoesterase (top), b-
glucosidase (middle) and chitinase (bottom) activities in the whole soil. The effect size
(Eq. (1)) shows the change of enzyme activities in soil with homogenized or localized
manure addition compared to the control. Error bars represent standard deviations
(±SD).
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of ER to EH was used to compare enzyme activities on the rhizo-
plane with that in the soil hotspots. Only the ratios at days 25 and
45 were considered in this study, as plant roots were not recog-
nizable for most images at day 5.

To represent the vertical extension of enzyme activities in the
localized manure application, the standardized grayvalues were
plotted against the depth (cm) from the top of the rhizobox. Briefly,
a segmented vertical line was drawn through the image from the
top to bottom, and the grayvalues of all the pixels on this line were
extracted. All grayvalues were then standardized to the maximal
grayvalue. Consequently, all the values ranged from 0 to 1.0. In total,
20 separate vertical lines were randomly selected from each image
and the average standardized grayvalues of these replicates were
plotted against depth. Five-parameter Weibull regression in Sig-
maplot (v. 12.5) was used to correlate the relative units with depth.
The depth from the manure application to the constant level of the
regression curve was considered as the detritusphere extension of
enzyme activity.

Effects of manure application on enzyme activities were quan-
tified as effect sizes:

Effect size ¼ (EM - ECON) / ECON (1)

where EM is the enzyme activity with manure application (ho-
mogenized or localized), and ECON is the enzyme activity of the
control. An effect size greater than zero indicates that the manure
application strategy had a positive effect on enzyme activity.

To confirm the boundaries of categories of enzyme activities
during soil hotspots consideration, one-way analysis of variance
(ANOVA) was applied to assess significant differences between
independent variables (mean values of five adjacent pixels, i.e.
equal to 0.1 mm). The significant results were then considered as a
boundary of each category (from very low activity to hotspot)
(Fig. S1). Differences in enzyme activity and plant biomass between
the three treatments (no manure, homogenized manure and
localized manure) were also tested with ANOVA, where p < 0.05
from Tukey's HSD test indicated significance. Normality of the
values and homogeneity of variance were tested using Shapiro-
Wilk's W test and Levene's test. When data did not meet the
normality requirement (e.g. shoot biomass data), the data were
transformed by logarithm or square root. All these analyses were
performed in STATISTICA 12.0 (StatSoft Inc.).

3. Results

3.1. Manure application strategies affected temporal patterns of
enzyme activity

Enzyme activities increased from day 5 to day 25 after manure
application, but decreased after 25 days (Figs. 2 and 3, S2 and S3).
Phosphomonoesterase, b-glucosidase and chitinase activities were
47e104% higher on day 25 than on day 5. However, their activities
had decreased 10e27% by day 45 relative to the activities on day 25.
In the control, these enzyme activities had increased 40e72% by
day 25 compared with their activities on day 5, but showed no
significant changes between days 25 and 45 (�12% -þ9%, p > 0.05).

All enzyme activities increased withmanure application relative
to the control (Fig. 4). Homogenized manure generally induced
larger increases than localized manure. Homogenized manure
increased phosphomonoesterase, b-glucosidase and chitinase ac-
tivity by 6e41% in comparison with the control (Fig. 4). In contrast,
localized manure induced an increase of phosphomonoesterase
and chitinase activities by 7e29% compared with the control.
Localized manure also increased b-glucosidase activity by 16 and
37% on days 5 and 25, but its activity was 8% lower than the control
on day 45 (p > 0.05).

3.2. Detritusphere extension of enzyme activities

A clear downward extension of enzyme activities from the
manure layer into the underlying soil was observed with localized
manure application (Fig. 5). This extension was enzyme-specific:
for example, phosphomonoesterase activity extended from 3.1 cm
on day 5 to 9.2 cm on day 25 and finally exceeded 10 cm depth on
day 45. In comparison, the extension of b-glucosidase activity was
less (3.1 cm on day 5, 4.7 cm on day 25 and 7.0 cm on day 45). Such
extensionwas not seen for chitinase (data not shown). All distances
were measured from the top of the rhizobox and included the
depth of the manure layer.

3.3. Response of plants to manure application strategies

The ratio of ER to EH (enzyme activities on the rhizoplane to that
in soil hotspots) were all below 1.0 following manure application
(Fig. 6, p < 0.05), indicating that average enzyme activities on the
rhizoplane were lower than the activities in manure-induced soil



Fig. 5. The detritusphere extension for phosphomonoesterase (left) and b-glucosidase activities (right) from the initial manure layer at the top (presented as the shaded area
between 1.0 and 2.5 cm) over time. The depth from the manure application to the constant level of the regression curve was considered as the detritusphere extension of enzyme
activity. This distance at days 5 and 25 was marked by semitransparent strips (black for 5 days and green for 25 days). Due to the limited rhizobox size, the roots started to grow
laterally once they reached the bottom, after around 10e15 days of growth, inducing very high root densities at the bottom (ca. 2e3 cm). To avoid artefacts from high root densities,
we used only the upper 10 cm of the membrane. According to the regression, the depth at day 45 already exceeded the membrane boundary (>10 cm) and thus was not presented.
Five-parameter Weibull regression was used to fit enzyme activities with the distance from the top of the rhizobox. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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hotspots. This ratio did not change over time for homogenized
manure application. Phosphomonoesterase and b-glucosidase ac-
tivities on the rhizoplane were both around 10% lower than that in
the soil hotspots, while chitinase activity was 15% lower. In contrast
to the homogenized manure, when localized manure was applied,
the ER to EH ratio decreased from day 25 to day 45. For instance, the
ratio of phosphomonoesterase activities decreased from 0.89 to
0.74, while that of b-glucosidase decreased from 0.79 to 0.68. For
chitinase, this ratio had the highest change (from 0.98 to 0.75). For
the control, this ratio was always around 1.0, except for that of
phosphomonoesterase at day 25 (~1.13).

Manure application strategy had a significant impact on shoot
and root biomass of barley (Fig. 7). Localized manure produced the
highest shoot and root biomass (respectively, 3.1 and 6.7 times
higher than for homogenized manure, p < 0.05). Localized manure
significantly decreased the shoot/root ratio from 2.7 to 1.1
(p < 0.05), indicating that manure application strategies modified
the trade-off between shoot and root biomass.
4. Discussion

4.1. Temporal response of enzyme activities to manure application
strategy

The capability of manure to regulate soil biological processes
was controlled by the manure application strategy. Homogenized
manure induced higher activities of C-, N-, and P-acquisition en-
zymes than localized manure (Fig. 4). Three mechanisms drove
these differences in response to manure application strategies. The
first two mechanisms were manure-induced changes to soil
physico-chemical properties (Haynes and Naidu, 1998; Dungait
et al., 2009). First, by mixing into soil, manure directly loosened
the soil, decreased the bulk density and increased the soil porosity
(Celik et al., 2004). Second, labile organic compounds and nutrients
in the manure were also sufficiently mixed with soil following
homogenized manure application. The third mechanism was the
loading of indigenous enzymes and microbes frommanure into the
soil (Dinesh et al., 1998; Criquet et al., 2007; Tiquia, 2002). These
mechanisms provided a favorable environment for soil microbial
proliferation and activity in the rhizoboxes with homogenized
manure. In contrast, localized manure affected biological processes
through gradual leaching of soluble organic substances andmineral
nutrients into the soil (Dickinson et al., 1981). Transport of indig-
enous enzymes from the manure layer into the soil was negligible
due to strong adsorption by soil particles (Poll et al., 2006).
Consequently, the combined effects of abiotic (e.g. loose soil
structure) and biotic factors (e.g. organic carbon, nutrients, en-
zymes and microbes) induced higher enzyme activities in the rhi-
zoboxes with homogenized manure.

Activities of all tested enzymes demonstrated a consistent
pattern over time for both manure application strategies: i) All
enzyme activities increased in the first 25 days. Most enzyme ac-
tivities in the homogenized and localized manure applications
were higher than in the control (Fig. 2). ii) Enzyme activities
decreased from day 25 to day 45 in the homogenized and localized
manure applications. In contrast, all enzyme activities in the con-
trol remained stable during this period. This indicated that the
heightened enzyme activities in the homogenized and localized
manure applications were mainly caused by the manure-induced
detritusphere. Indeed, manure added quite substantial amounts
of labile organic substances to the soil, thereby increasing microbial
activity and thus nutrient demand and enzyme expression. Over
time, these substances were completely decomposed, resulting in
lower microbial activity and thus reductions in enzyme activity.
Similarly, studies based on destructive methods demonstrated such
short-term acceleration of microbial processes induced by sewage



Fig. 6. Ratio of ER to EH for phosphomonoesterase (top), b-glucosidase (middle) and
chitinase (bottom). ER and EH are the average enzyme activities on the rhizoplane and
in the soil hotspots, respectively. The values above 1.0 reflect higher enzyme activities
around the roots than in hotspots in root-free soil areas. Error bars represent standard
deviations (±SD).

Fig. 7. Plant biomass and shoot/root ratio under three manure application strategies:
1) No manure, 2) Homogenized manure and 3) Localized manure. The capital and
lower-case letters show significant differences between application strategies
(p < 0.05). Error bars represent standard deviations (±SD).
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sludge (Criquet et al., 2007; Pascual et al., 2002).
Furthermore, the stable enzyme activities from day 25 to day 45

in the control (with only the rhizosphere effect of barley, Fig. 8)
demonstrated that the duration of hot moments in the rhizosphere
was at least 20 days. This was much longer than the lifetime (only a
few days) of hotspots initiated by single releases of root exudate, as
evidenced by time-resolved 14C imaging after 14CO2 pulse labeling
of Lolium perenne (Pausch and Kuzyakov, 2011). Therefore, we
conclude that continuous inputs of labile organics due to root
growth prolonged the duration of hot moments in the rhizosphere.
4.2. Spatial response of enzyme activities to manure application
strategies

The spatial distribution of enzyme activities was noticeably
affected by manure application strategy. In localized manure
application, enzyme activities in the top manure layer were higher
than in the control and in the soil below this top manure layer
(Fig. 3, S2 and S3), which was in accordance with our first hy-
pothesis (H1) about the strong increase of enzyme activities in the
detritusphere compared with the root-soil interface below the
manure layer. This means that manure itself had higher enzyme
and microbial activities, in support of the mechanism that manure-
derived enzymes or microorganisms contributed to the increased
enzyme and microbial activities (Calleja-Cervantes et al., 2015;
Dinesh et al., 1998). Though indigenous enzymes of manure were
all concentrated in the localized manure layer, the nutrients in this
layer could be leached downward. Leaching of available nutrients
and available organics from the manure layer stimulated microor-
ganisms, and consequently enzyme activities, in the soil below the
layer (Kang et al., 2009). Therefore, enzyme activities extended
downwards over time because of the redistribution of nutrients
and organics (Fig. 5). Such extension indicated a gradual influence
of manure on soil biochemical processes and this influencewas also
enzyme-specific. For instance, phosphomonoesterase exhibited
deeper and faster downward extension (Fig. 5). In contrast, this
extension was narrower for b-glucosidase. The significantly higher
ratio of ER to EH for phosphomonoesterase (~1.13) in the control also
demonstrated that phosphomonoesterase activity on the rhizo-
plane was 13% higher than in the soil hotspots, suggesting that the
soil was P-deficient (Ren et al., 2016) and thus the plant secreted



Fig. 8. General responses and localization of soil enzyme activities to manure appli-
cation strategies over time. A clear detritusphere extension of enzyme activities was
observed below the localized manure. The manure-induced detritusphere stimulated
larger increases of enzyme activities than the “No manure” treatment (i.e. only the
rhizosphere effect of barley), although the increase lasted less than 45 days. Homog-
enized manure elevated enzyme activities more than localized manure, while localized
manure induced higher shoot and root biomass than homogenized manure.
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more phosphomonoesterase to obtain inorganic P for its growth
(Hunter et al., 2014). In comparison, b-glucosidase, which is mostly
involved in the degradation of cellulose, showed a narrower
extension. The wider extension of phosphomonoesterase
compared to b-glucosidase activities has also been observed in the
rhizosphere (Razavi et al., 2016). In the present study, the detritu-
sphere extension of enzyme activities was much wider than the
rhizosphere extension observed in other studies (e.g. Razavi et al.,
2016; Tarafdar and Jungk, 1987; Sauer et al., 2006). This is
explained by the direction of water fluxes: to the roots in the
rhizosphere, but from the manure layer downwards. Consequently,
extension of enzyme activities was much faster and wider in the
detritusphere than in the rhizosphere, due to vertical diffusion and
leaching processes.
4.3. Response of plants to manure application strategies

Followingmanure application, enzyme activities in the manure-
induced detritusphere were higher than on root surfaces. This e in
accordance with our first hypothesis (H1) - indicated that the
detritusphere became more attractive to microbes than the rhizo-
sphere, because high microbial activities tended to be in the hot-
spots of bulk soil instead of being balanced between the rhizoplane
and soil hotspots, as in the control (ER z EH). Furthermore, though
enzyme activities on the rhizoplane were lower, the reason for this
may differ between homogenized and localized manure applica-
tions. For the homogenized manure application, tough competition
for inorganic and organic nutrients between microbes and roots
was initiated as soon as manure-derived microbes and labile sub-
strates were introduced by mixing manure into the soil (Kuzyakov
and Blagodatskaya, 2015; Malik et al., 2013; Xu et al., 2006, 2011).
This may temporarily reduce plant nutrient availability, depress
root growth and explain the lower enzyme activities on the root
surface for homogenized manure application. In contrast, with
localized manure application, the pre-existing and newly miner-
alized nutrients were easily leached downward and competition
between microbes and plant roots within the localized manure
layer was weaker than for the homogenized manure application.
This spatial niche differentiation for the manure microbial com-
munity and roots decreased their competition for nutrients and
simultaneously increased nutrient uptake, and so, the plant
biomass. Both situations were also reflected in the shoot and root
biomass at day 45: shoot and root biomass with localized manure
application were respectively 3.1 and 6.7 times higher than for
homogenized manure application, and so our second hypothesis
(H2) was rejected. Compared to the control, the relatively low plant
biomass in the homogenized manure application also indicated
that strong competition between microbes and roots existed when
manure was homogenized with soil. This significant difference
demonstrated that localized manure was more advantageous for
barley growth than homogenized manure.

This is especially important on the Tibetan Plateau, because soils
have been very seriously degraded in the last 30e50 years due to
intensive human activities (e.g. overgrazing) and climate change
(Chen et al., 2013). This has induced large soil organic carbon and
nutrient losses and thus considerably decreased soil fertility.
Localized manure application has been found to increase soil
ammonium and nitrate concentrations in soils of the Tibetan
Plateau (Cai et al., 2014; He et al., 2009). However, manure appli-
cation at the soil surface leads to ammonia volatilization, involving
significant nitrogen losses and negative effects on the environment.
This is especially important on the Tibetan Plateau, because the
solar radiation is much higher compared with other regions around
the world (Liu et al., 2012), which increases the temperature of
manure and accelerates the ammonia volatilization. Alternatively,
homogenized manure application may reduce nitrogen losses by
avoiding the impact of solar radiation. Therefore, to thoroughly
investigate the impact of both manure application strategies, the
effects on nitrogen emissions and leaching should also be
considered.

5. Conclusions

For the first time, we elucidated and visualized the impacts of
different manure application strategies on enzyme activities in soil
in situ, spatially and temporally. Themanure-induced detritusphere
increased enzyme activities more than the rhizosphere effect of
barley alone. Manure-induced hotspots also showed higher
enzyme activities than the rhizoplane. Together, these findings
demonstrate that microbial activities in the detritusphere are much
more stimulated than on the root-soil interface (i.e. rhizosphere
and rhizoplane). The detritusphere's vertical extension of phos-
phomonoesterase activity from the localized manure application
was much faster than that of b-glucosidase activity. Overall, ho-
mogenized manure increased enzyme activities more than local-
ized manure. However, localized manure induced 3.1 and 6.7 times
higher shoot and root biomass, respectively. We conclude that
localized manure application decreases competition for nutrients
between microorganisms and roots and simultaneously increases
plant performance.
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