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Water stress and nutrient supply are two of the most ubiquitous global changes that surely drive substantial
variations not only in agricultural productivity but also extend to alert soil living organisms. The present study
aims to understand the intrinsic changes in the composition of soil populations and their functions due to the
interaction between long-term fertilization and rainfall fluctuations, seeing whether fertilization history would
render the soil microbial communities and their activities more resistant to water stress or not. The experiment
was established in 1988 on a typical meadow soil (Vertisols) as a rainfed maize monoculture receiving six
elevated rates of NPK annually. The 30-year average annual precipitation of the growing season in this region is
345.1 mm. However, in 2010 rainfall was 106.1% greater than the average, while in 2011 it was 26.5% lower.
The results show that long-term NPK fertilization has made the soil microbes more tolerant to changes in soil
moisture content resulting from rainfall fluctuations. Soil microbes and their activities, however, did not follow a
dose-response relationship of NPK as soil moisture content was the main driving factor. Numbers of total fungi,
cellulose decomposing bacteria, and nitrifying bacteria increased as rainfall in 2010 increased. Moreover, mi-
crobial biomass carbon in 2010 was almost 2-fold higher than in 2009. Soil respiration in 2010 was 11 and 35%
higher than in 2009 and 2011, respectively. Otherwise, high rainfall in 2010 significantly diminished soil NO5~
content and nitrification rate. Soil enzyme activity showed a higher response to soil moisture than the rate of
NPK. The highest activity of phosphatase, dehydrogenase, and saccharase was measured in the driest year
(2011), while urease displayed its highest activity in 2010. High rates of NPK significantly reduced soil dehy-
drogenase activity. These results illustrate how important it is for fertilizer programs to be flexible to match
expected climate change in order to improve productivity and reduce environmental pollution.

1. Introduction Anthropogenic activities drive certain changes in our ecosystems

that can hurt and disable the functions of these ecosystems. Soil eco-

Sustainability of crop production is an environmentally-friendly
approach that cares about the health of the environment, biodiversity
and agricultural crops. It must be adapted to ecological conditions and
economic needs. In the same matter, water stress and nutrient supply
are two of the most ubiquitous global changes that threaten sustainable
crop production; also they surely drive substantial variations not only in
the ecology of the aboveground of soil system but also extend to the
living organisms in the soil. The composition of soil communities and
their functions and services which mainly control the soil health and
the efficiency of nutrient cycling heavily depend on these two drivers
(Siebert et al., 2019).

system, including soil living organisms, is among the ecosystems that
directly suffer from these changes (Steffen et al., 2006). Climate change
is not expected to only increase drought events in some regions but also
to increase the precipitation in other regions. Generally, climate change
is predicted to mainly affect the frequency and quantity of rainfall
(IPCC, 2007). Simultaneously, this will vary the response of soil mi-
croorganisms which are responsible for vital soil ecosystem functions
such as mineralization of organic matter and turnover rates of nutrient
cycling (Galloway et al., 2008).

However, only meager information is presented in the pieces of
literature concerning the crucial role of soil biota under such global
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Fig. 1. Maize monoculture under long-term NPK fertilization and rainfed cultivation.

change. Consequently, comprehensive research on the dynamics of soil
communities is a key step to understand and predict the behavior of soil
ecosystem particularly in such a changing world (Eisenhauer et al.,
2012). Both soil moisture and fertilizer contents affect the growth and
activity of soil populations. Therefore, severe drought and/or soil log-
ging (excess water) are likely to have a negative influence on their
community structure and functions (Riutta et al., 2016). Low soil
moisture content was reported to decline soil microbial biomass, soil
respiration and diminish the microbial community structure (Hueso
et al., 2012). Kardol et al. (2010) documented that soil bacteria and
fungi behave oppositely under drought conditions as fungi are more
dominant and function in a better way under this condition. Stevnbak
et al. (2012) experienced that the lack of precipitation in the summer
negatively affected the quantity of cellulose decomposing microorgan-
isms and the quantity of microbial biomass.

Another key factor affecting the dynamics of soil populations is soil
fertility. Nutrient fortification, directly and indirectly, influences soil
microbial communities. Directly, it supplies the soil microorganisms by
their required energy and carbon resources; while it alerts the physi-
cochemical properties of soil which indirectly affect the structure of soil
microbes as well as their function performance (Liu et al., 2010). Soil
pH, texture, porosity, water holding capacity, organic carbon, and
humus content are among the characters affecting soil microorganisms.
Moreover, the availability of soil nutrients is affected essentially by the

‘I moisture content. The lack of a stable soil structure would result in

lower water retention capacity and water permeability, so a lower level
of water absorption would be available for plants (Wall et al., 2012).

Nevertheless, several studies showed that the application of NPK
negatively affects soil respiration due to a reduction in the activity of
soil microorganisms and their structure (Pan et al., 2014; Ramirez et al.,
2010; Katai, 1999, 2006, 2014). Conversely, Li et al. (2014) stated that
mineral fertilization enhanced the soil carbon pools and consequently
improved soil biodiversity.

Kennedy and Gewin (1997) listed the factors that favor the main-
tenance of diversity in microbial populations, these are the agricultural
management practices that conserve or increase the soil microbial
biomass, enable niche environments to develop soil physical properties
and provide a range of organic compounds on a regular base. In the
long-term experiment, Mikanova et al. (2015) measured high values of
saccharase and urease activities, total N content and microbial biomass
carbon in treatment fertilized with farmyard manure combined with
mineral fertilizers.

The present study aims to investigate the impact of NPK fertilization
and fluctuation of soil moisture content due to a significant variation in
precipitation amount on the soil chemical biochemical and micro-
biological characteristics of a 21-23-years old fertilization experiment.
Also, the resistance of soil microbial communities and their functions to
water stress due to long-term NPK fertilization was assessed. Soil
samples were collected from control and five fertilized plots in the 21st,
22nd and 23rd years of the experiment (2009, 2010, and 2011). We
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were curious about how the fertilization and the abnormal distribution
of rainfall could affect the available nutrient and organic matter content
of the soil, as well as the dynamics of microbial populations, the
parameters of degradation processes, (net nitrification, CO»-production,
microbial biomass carbon and nitrogen, and different enzymes activ-
ities.

2. Materials and methods

2.1. Experimental location and soil sampling

A maize monoculture experiment was established in 1988 near to
Gorbehaza, Debrecen, Hungary (N47°81° E21°23"). The field is very
near to the small river of Hortobdgy. The field is cultivated by a rain-fed
maize monoculture and fertilized continuously at different doses of
NPK, ie., control, (N4oP25Kz0), (NgoPsoKea), (N120P75Ke0),
(N16OP100K120) and (N200P125K150) kg hﬁil, in form of N, P205’ and
K50, respectively (Fig. 1). The type of the experimental soil is a typical
meadow soil (Vertisols according to WRB). The soil texture is a clay-
loam according to the fraction of clay-silt (50-56 %, respectively). The
Arany-type plasticity index is 43-44. According to the Arany-types
plasticity index, the soil texture was, also, a clay-loam. The physico-
chemical properties of soil at start of the experiment in 1988 are not
significantly different from today's control values (i.e., silt and clay:
50-56%; pH(H20) 7.5-8.0; organic carbon 19.0-21.0 g kg-1; organic
nitrogen 1.85-2.15 g kg-1. The content of NPK in plant tissues the
control does not also show significant but higher values than in 1988. In
Hungary, maize cultivation is usually between 10 and 25 April when
the soil temperature ranges between 8 and 10 °C. The optimal harvest
time of maize usually starts from 15th September to 5th October de-
pending on the plant variety, biological maturity, the moisture content
of the maize kernels, and the weather conditions, mainly rainfall. Soil
samples were collected from the upper 2-20 c¢m of soil affected by the
root system of maize plants during 2009, 2010, and 2011. Soil sampling
was conducted twice a year (in spring and autumn), making a total of
six sampling times per treatment within the three years of the experi-
ment with four replicates. However, we present only the annual average
of spring and autumn samples since many results would have been
presented. For chemical analysis, air-dried soil samples were grounded
using stainless steel crushing machine for homogeneity and sieved
through a 2-mm mesh. For biological measurements, after removing
plant debris and gravel, the fresh samples were sieved with a 2-mm
mesh and kept in polyethylene pages below 4 °C for further analysis.
The annual average precipitation is about 550-600 mm year ™! in this
region of the continental climate. The meteorological data during the
experimental period from 2009 to 2011 presented in Table 1, inter-
estingly, showed a significant difference in the annual average pre-
cipitation of the growing season: during these three years. It was
396.6 mm (in 2009), 711.2 mm (in 2010) and 253.6 mm (in 2011).

2.2. Determination of physicochemical properties of soil

Soil moisture content was measured gravimetrically by drying the
soil at 105 °C for 24 h and expressed as m/m% (dry basis) of absolute

Table 1
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mass of dry soil. Soil pH was measured in 1:2.5 (w/w) soil: distilled
water suspension (Buzas, 1988). The uptakeable AL-P;0s and -K,;0 of
the soil was measured using 0.1 M ammonium-lactate- acetic acid (AL)
solution (pH 3.7). The determination of phosphate was performed
spectrophotometrically at 660 nm wavelength (Egnér et al., 1960),
while potassium was measured with a digital flame photometer (Sher-
wood Maodel 410). The analysis of soil NO3 ™~ the content was done using
Na-salicylate as reagent; absorbance was measured with a spectro-
photometer (UV-430) according to Felfoldy (1987). Soil humus content
was determined by Székely et al. (1960) and the organic carbon content
was calculated from this result.

2.3. Analysis of soil microbial community

Regarding the population dynamics of microorganisms, the total
number of bacteria and microscopic fungi was determined using plate
dilution technique on bouillon and peptone-glucose agar medium, re-
spectively. The aerobic cellulose decomposing and nitrifying bacteria
were counted with the MPN (Most Probable Number) method in liquid
culture media (Trolldenier, 1996). For determining the microbial ac-
tivity in soil, the COs-production was measured after 10 days incuba-
tion with NaOH-trapping (Ohlinger, 1996), the microbial biomass
carbon (MBC) was measured using the chloroform fumigation-extrac-
tion methods (Vance et al., 1987), net nitrification was measured after
14 days incubation with the Na-salicylate reagent (Felfoldy, 1987). The
quantitative determination of monosaccharides originated from the
breakdown of saccharase was measured by the method of
Frankenberger and Johanson (1983); saccharase activity was expressed
as mg glucose 100 g1 soil 24 h~!. Measurement of urease activity was
done based on the quantitative determination of ammonia by the
spectrophotometric method at 660 nm by Kempers’ method (Filep,
1995). Phosphatase activity was measured by Ohlinger (1996) where
the quantity of hydrolyzed phosphorus acid was expressed as mg P,Os
100 g~ ! soil 2 h™'. The dehydrogenase activity was measured by
(Mersi, 1996) as the soil samples were mixed with INT-solution, in-
cubated 2 h at 40 °C. The reduced iodonitro-tetrazolium formazan
(INTF) was extracted with dimethyl-formamide and ethanol and mea-
sured photometrically at 464 nm.

2.4. Statistical analysis

Prior to the ANOVA test, Levene's Test for Equality of Variances is
performed. The Levene's test for different variables at ten treatments
was negative, p < 0.05, and then the variances showed homogeneity.
The results of the experiments were subjected to one-way ANOVA by
using Eisenhauer et al. (2012) and SPSS 13.0. Means were compared by
Duncan's Multiple Range Test (Duncan, 1955) atp < 0.05.

3. Results
3.1. Maize yield

The precipitation during the growing season in 2010 was 106.1%
higher over the 30-year average precipitation and in 2011 it was lower

The precipitation (mm) during the experimental period (from April to September) in 2009, 2010, and 2011 at Gérbehdza Experiment (Sarvari, 2011).

30-year average 2009 Deviation from the average (%) 2010 Deviation from the average (%) 2011 Deviation from the average (%)
April 42.4 11.7 —72.4 79.3 +87.0 15.1 —64.4
May 58.8 72,5 +23.3 150.8 +155.1 19.8 —66.3
June 79.5 33.7 —-57.6 157.9 +98.6 1354 +70.3
July 65.7 233.6 +240.3 144.9 +120.2 27.8 —-57.7
August 60.7 55.1 —-9.2 85.2 +40.4 26.5 —56.3
September 38.0 0.0 —100.0 93.1 +145.0 29.0 —23.7
Total 345.1 396.6 +14.9 711.2 +106.1 253.6 —-26.5
3



J. Kdtai, et al.

Ecotoxicology and Environmental Safety 201 (2020) 110803

02009 02010 @2011 A

Moisture content (%)

Organic carbon (g kg!)

K % 5, % o . 0
& Xy 2
o > %, E2N
{s'
(7

g 02009 02010 @2011 B
g2 aa ada ada zaa bb2
7
~ 6
S
g4
= 3
a2
1
0
Co”(‘» 470» 43’0,0 &2 4?5\0 %
£ <%, Yo, 4 2, 2
43'0 fé'o ‘fgo o,f- ‘ff-
o %
6 - 02009 ©02010 m2011 D
a a a aaad
5 ab ab
b ab, b ab, _I_
b a
4 bb
g
2 3
E
= 2
1 -
0 4 -
@ %, /P"o,, ’V%A %?o 4/‘75'0 &
E %y Yo, > %, 2,
e e Ty T

Fig. 2. Annual variations in soil moisture (A), pH (B), organic carbon (C) and humus (D) contents under long-term NPK fertilization of rainfed maize monoculture.
Different letters above the same bars show significant differences at the level of p < 0.05.

by 26.5%. Rainfall fluctuation considerably affected the productivity of
maize plants, which was 11.5, 8.8, and 12.5 t/ha in 2009, 2010, and
2011, respectively. The huge reduction in maize yield in 2010 (the
rainiest year) may be attributed to the high moisture content of the
experimental soil (Vertisol), which leads to poor aeration. Also, the
average temperature in 2010, between germination and tassel vo-
miting, was lower than the optimal conditions Sarvari, 2011.

3.2. Consequences of precipitation and long-term NPK fertilization on soil
physicochemical properties

Soil moisture content (%) displayed a significant response to the
rainfall fluctuations, in our 3-year experiment, and to a lesser extent to
long-term NPK fertilization (Fig. 2A). All treatments in 2010 including
the control displayed higher soil moisture content than in 2009 and
2011 (Fig. 2A). The highest soil moisture content in 2009, 2010 and
2011 was 24.7, 32.2 and 20.9%, respectively. In addition to the pre-
cipitation, NPK rates significantly affected the soil moisture content. In
2009, all NPK rates resulted in similar soil moisture contents without
significant differences except control. However, the response of soil
moisture content to NPK treatments in 2010 and 2011 was different
from that has been previously estimated in 2009. In 2010, the treat-
ments of N40P25K30, N30P50K60‘ and N200P125K150 dlsplayed the highest
soil moisture; while, in 2011, the treatment of NggP50Kgo recorded the
highest soil moisture content. Overall, fertilization of maize plants at
the rate of NggPs5oKgo increased the soil moisture content in the three
years of the experiment regardless of the precipitation rate.

Significantly, the addition of NPK reduced soil pH values compared
to the control regardless of the application rate. Moreover, pH values
gradually decreased with increasing the rate of applied NPK. Data
presented in Fig. 2B showed that the treatment of NoggP125K150 resulted
in the lowest pH values 6.65, 6.95 and 6.99 in years 2009, 2010 and
2011, respectively. Nevertheless, soil pH in 2009 was the lowest in
comparison with pH measured in 2010 and 2011. In 2010, 2011, pH
value was NPK dose-dependent as NPK doses below N;50P75Kgg in 2010
howed higher pH values than in 2011; while an opposite response was

ticed at the higher rates (Fig. 2B). Furthermore, the amount of

A

precipitation insignificantly influenced soil pH where similar pH values
were measured in 2009, 2010 and 2011. However, we should not ig-
nore the fact that this maize monoculture experiment is established in
1988; therefore, the change in pH values is not only due to the three
years of the present study but this is an accumulative effect for more
than 20 years.

The continuous NPK fertilization of maize monoculture significantly
increased the soil organic carbon (SOC) content (Fig. 2C). Although the
response of SOC content to the applied NPK rate was hesitated, the
highest rate of NPK (NgoP135K;50) resulted in the highest SOC content.
The highest SOC content was estimated in 2011 (Fig. 2C). Likewise,
NPK treatments increased the humus content compared to control in
the three years of the experiment. However, the humus content in 2011
was the highest (Fig. 2D).

3.3. Effect of precipitation and long-term NPK fertilization on nutritional
status of soil

Fig. 3 shows the content of soil N (in form of org-N and NO3 ™), P (in
form of P30s5) and K (in form of K50) after long-term NPK fertilized
maize monoculture in three consecutive years (i.e., 2009, 2010 and
2011). The org-N content significantly increased in the fertilized plots,
along the three years of the study, compared to the control plots. In
2011, higher org-N contents were measured in the fertilized plots than
in 2009 and 2010. The wettest year (2010) had the lowest org-N con-
tent compared to the other two years except at the control and treat-
ment of NjgoP125Ki50, as org-N content in 2010 was higher than in
2009. The highest org-N content throughout the three years of the ex-
periment was detected in the treatment of NyggP125K150 (Fig. 3A). The
NO;~ content in soil showed a significant response to the amount of
precipitation. The lowest NO3~ content was measured in the wettest
vear (2010) compared to 2009 and 2010. Also, the driest year (2011)
showed lower NO3;~ content compared to 2009 except when maize
plants were fertilized at the rate of N1goP100K120 (Fig. 3B). Egnér et al.
(1960), NO3~ content in 2009 and 2011 was higher in all treatments
than control; only at the treatment of NyggP125K150 in 2010, the NO3 ™
content was significantly higher than control. No significant differences
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Fig. 3. Changes in org-N (A), NO5 ™ -N (B), P2Os (C) and K50 (D) contents under long-term NPK fertilization of rainfed maize monoculture. Different letters above the

same bars show significant differences at the level of p < 0.05.

in NO3~ content between fertilized plots in 2009 were calculated. In-
creasing the rate of NPK in 2011 significantly increased the NO;~
content to its highest measured value (81.9 mg kg~ 1) at the treatment
of NigoP100Ki20. All NPK treatments displayed higher uptakeable P
content than control throughout the whole experimental period. Con-
siderably, P content increased with increasing the rate of NPK up to
Ni160P100K120 (221 mg P50sg kg’1 as the highest detected content) in
2009 then slightly decreased to 207 mg P05 kg ™! when maize plants
were fertilized with NogoP125Ki50. Likewise, in 2011 the content of
available P in soil steadily increased to 252 mg P,0s kg ! when NPK
rates increased up to NjgoP100Ki20 then slightly declined to 241 mg
P,0s kg~ ! at the highest NPK rate (Fig. 3C). The P content in 2010
increased regularly to 207 mg P;0s kg~ ! at the treatment of Ny5oP7sKgg
then started to drop down linearly. The P content was found to ex-
tremely rely on the application rate of NPK fertilizers and to a lesser
extent on the amount of precipitation. Fig. 3D clearly showed that
samples collected in 2009 had higher K content than 2010 and 2011. In
2010, K content was also higher than in 2011 except at the treatment of
N160P100K120- Nonetheless, NPK treatments showed were significant
among them particularly at the high rates of NPK (Fig. 3D).

3.4. Annual variations in soil microbial populations

The total number of bacteria (Table 2) showed an increase in all
NPK treatments, except the treatments Njs9P75Kop and NggPs5oKgo in
2009 and 2010, respectively, where significantly lower total bacterial
counts than control were detected. In 2009, 2010, the highest rate of
NPK (N;20P75Kg0) resulted in the highest total bacterial count (11.8 and
13.8 x 10° g~ ! soil, respectively) among all treatments; while in 2011,
the highest total bacterial count (12.2 x 10° g’1 soil) was measured in
maize plots fertilized at the rate of Nj9P75Kgq. The highest total bac-
terial count was measured in 2010 at the treatment of NoggP125K1i50
compared to the other two years. NPK fertilization showed higher
numbers of total fungi count than control regardless of the cultivation
year. Statistically, in 2009 total fungi count responded linearly to the
rate of NPK; the highest total fungi count (47.6 x 10% g~! soil) was
‘etected under the highest rate of NPK (N3goP125K150) as shown in

ble 2. Although total fungi count in 2010 did not display regular

increase, the total fungi count in all treatment was higher than those
measured in 2009 and 2011. The highest total fungi count throughout
the whole experimental period was 58.7 x 10% g~ ! soil and detected at
the highest rate of applied NPK. The number of cellulose decomposing
bacteria was low, generally, in all treatments in 2009 while in 2010 and
2011 larger numbers were detected. It is especially true in the inter-
mediate and high doses of NPK fertilizers. In 2009, 2010, a significant
increase in the number of this physiological group of bacteria in all NPK
treatments compared to control except treatment of N4oPosKsg (in
2009) in addition to Ngg Psg Kgo (in 2010) was statistically proved
(Table 2). The number of nitrifying bacteria was low in 2009 similar to
cellulose decomposing bacteria; while in 2010 and 2011, a higher
number of nitrifying bacteria was identified with some extremely high
numbers. The measured values in 2011 demonstrated that the increased
number of nitrifying bacteria was fertilization dose-independent. The
number of this physiological group of bacteria increased in all fertilized
plots significantly in 2011.

3.5. The activity of soil microbial communities

Results of soil respiration (mg CO, 100 g~ soil 10 days™!) were
consistent with the total numbers of soil microorganisms. All NPK
treatments in 2010 significantly increased CO2 production compared to
control recording higher values than in 2009 and 2011 (Fig. 4A). The
lowest CO, production of was measured in 2011. In 2009, 2010, CO4
production increased linearly with increasing NPK doses up to N0 P100
Ki20 then slightly declined, while in 2011 the increase in CO, produc-
tion was noticed when maize plants received high NPK rates up to Nyaq
P75 Kop afterward reduced regularly (Fig. 4A). In the case of the nitrate
exploration (net nitrification), derogations were experienced among the
three years. Generally, treatments of NggPsoKeog, Ni20P75Koo, and
N160P100K120 resulted in a pronounced stimulating effect on this para-
meter in 2009; whereas in 2011, the highest net nitrification level
corresponded to treatments of Njgo Pigo Kizo and NypoPi125Kiso
(Fig. 4B). The lowest net nitrification level was measured in 2010 when
the lowest NOs-N content was detected too. Compared to the control,
the net nitrification level increased significantly in almost all NPK
treatments. It is remarkable that in the plots of the highest dose of NPK
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A 3-year change in the population dynamic of soil microorganisms under different NPK fertilization rates of rainfed maize monoculture.

Treatments Total bacterial count (CFU) Total fungi count Cellulose decomposing bacteria Nitrifying bacteria
( % 106 g~ ! soil)® ( x 10° g~ soil) ( % 10% g~ soil) ( x 10% g~ soil)

2009

Control® 84 = 0.46 bc 25.0 = 3.93b 0.8 = 0.19¢ 0.3 = 0.06b
N4oP2sKaa 9.0 + 2.00 be 25.0 + 3.04b 1.8 = 095¢ 31 + 06la
NgoPsoKso 9.6 = 1.10ab 27.8 = 270b 47 = 1.14ab 1.7 = 0.38 ab
Ni20P75Kao 6.1 + 1.29¢ 20.8 + 7.12b 2.2 + 0.83b 35 + 0.25a
Nis0P100Ki20 115 = 165a 475 = 262a 7.7 = 0.89a 23 = 0.09a
NoooP12sKisa 11.8 = 0.89a 47.6 + 6.59a 7.8 + 0.88a 1.1 + 0.69 ab
2010

Control 78 + 141b 26.8 + 3.59¢ 1.1 = 0.09¢ 74 + 195b
NyoPasKao 137 = 263a 32.0 £ 571¢ 49 = 0.21c¢ 95 = 1.82b
NgoPsoKso 77 + 1.11b 585 + 1.37a 82 + 1.39¢ 119 + 0.06b
Ni20P75Ka0 12.2 = 0.95ab 39.8 + 12.25bc 15.3 = 1.09b 10.8 = 2.65b
NisoP10oKi20 7.9 + 046 b 42.0 + 12.77 be 149 + 280b 233 + 147a
NoooPi2sKiso 13.8 = 246a 587 + 5.82a 21.7 = 054a 123 = 0.05b
2011

Control 88 + 0.86b 19.9 + 041c 6.1 + 555¢ 42 + 051¢c
N4oP2sKso 11.5 = 1.53a 28,5 = 0.50 be 24 = 060c 227 = 149a
NsoPsoKsa 9.2 + 1.57ab 49.3 + 13.30 ab 51 + 3.85¢ 11.7 = 1.05b
Ni20P75Ka0 11.1 = 250a 41.2 = 13.17 abe 26.2 = 2.34ab 242 + 2.32a
NisoP100Ki20 9.6 + 1.10ab 35.8 + 1.25 abc 146 + 1.27 be 11.1 = 1.28b
N2ooP125Kis0 9.4 + 0.47 ab 52.6 + 12.09a 356 + 891a 11.1 = 2.18b

? Control = no fertilizers were applied.

b All numbers are calculated based on 1 g dry soil. In the same column, different letters after means show significant differences at the level of p < 0.05.

the net nitrification level significantly increased in 2009 and 2011, but
not in 2010. The content of microbial biomass carbon (MBC) has
changed positively; it, significantly, increased by the application of NPK
within all the three years of the experiment. The MBC in 2010 was 4-7
times higher in all NPK treatments than control. Particular attention has
to be paid to the effects of intermediate and high rates of NPK because
in these treatments outstanding contents of MBC were measured in
2010 and 2011.

3.6. Annual variations in soil enzymes activity

A very favorable effect of the high rates NPK was experienced on the
activity of four soil enzymes, i.e., phosphatase, saccharase, urease, and
dehydrogenase. Out of seventy-two average data, including four en-
zymes, six treatments of NPK fertilizers, and three years experiment, of
enzymes activity only in three cases was measured slightly reduced
activities of enzymes in the fertilized plots compared to control. In all
other cases, the activity of the enzymes increased considerably except
when maize plants were fertilized at the highest rates of NPK. In these
soils, this increase was not significant for the activity of phosphatase,
saccharase, and dehydrogenase enzymes, while the urease activity was
lower than control (Fig. 5 A, B, C, and D). The activity of the phos-
phatase enzyme changed in a relatively small interval (Fig. 5A). The
monotone character of results was interrupted by some outstanding
results in some treatments. Except for the highest rates of NPK, other
rates showed significant differences in the activity of phosphatase.
Despite the highest rate of NPK (NygoP125K150) caused higher values of
phosphatase activity than control, the increase was not significant. The
activity of saccharase increased when maize plants were fertilized with
NaooP125K150 compared to control in all the three years. The highest
saccharase activity was measured in 2011; in this year the treatments of
Ni60P100K120 and NyogP125K1s0 significantly increased the enzyme ac-
tivity. The lowest activity was detected in 2009, only the treatment of
Ni160P100K120 exhibited a significant increase. In 2010, a significant
stimulating effect was determined regarding the activity of saccharase
except for one treatment (NogoP125Ky50). The wettest year (2010) and
the driest (2011) displayed higher activities of saccharase compared to
"009. The NPK fertilization improved the activity of the urease enzyme;

vas statistically proved in the three investigation years except for one

treatment. The urease activity is well described in the following order:
2010 > 2009 > 2011. The urease activity reduced as the soil moisture
content decreased (Fig. 5C). The dehydrogenase enzyme showed a
considerable response to NPK treatments. The low and intermediate
rates of NPK seemed to be the most favorable treatments in 2009 and
2011, while in 2010 intermediate rates only showed the highest activity
of dehydrogenase. These results were very similar to the results of
phosphatase enzyme.

3.7. Correlation between soil chemical, biochemical and microbiological
parameters

Between the data of measured soil chemical, biochemical and mi-
crobiological traits correlation analyses were made to highlight the
possible linkages among these parameters.

Regarding the soil moisture content, a close correlation was only
measured in the driest year (2011). Soil moisture content correlated
positively with organic carbon (r = 0.707), org-N (0.711), total bac-
terial count (r = 0.680); nitrifying bacteria (r = 0.780); (r = 0.886)
and urease activity (r = 0.910); while a negative correlation with de-
hydrogenase activity (r = —0.850) was statistically calculated.

A positive correlation was reported between the biomass of fungi
and soil moisture content by Baldock et al. (2012) when the soil
moisture content increased. The same conclusion was not valid to the
biomass of bacteria. In all the three years, a close correlation was
measured among some parameters independent of the soil moisture
content. The dehydrogenase activity showed close positive correlation
to the total bacterial count (r = 0.769; 0.736; 0.753), nitrifying bac-
teria (r = 0,782; 0.647; 0.753) and negative correlation with urease
activity (r = —0.840; 0.676; —0.637) as well as the number of ni-
trifying bacteria correlated positively with the urease activity
(r = 0.700; 0.813; 0.846), respectively, in the three years of the ex-
periment.

At least in two years, a close correlation was proved among several
parameters. The total bacterial count was in close correlation with
cellulose decomposing bacteria; nitrifying bacteria, soil respiration, net-
nitrification, phosphatase, saccharase, urease, and dehydrogenase ac-
tivities. Dehydrogenase activity was in close correlation with total fungi
count, soil respiration, net-nitrification, phosphatase, and saccharase
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Fig. 4. A 3-year change in some soil biochemical processes under different NPK fertilization rates of rainfed maize monoculture. (A) Soil respiration (mg CO, 100 g~ ?
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differences at the level of p < 0.05.

activities. The soil respiration was in close correlation with available P, 4. Discussion
total bacterial and fungi count, the number of cellulose decomposing
and nitrifying bacteria. Six increasing rates of NPK have been applied in a near 30-year

long-term fertilization experiment in a typical meadow soil (Vertisol),
according to the WRB, cultivated with rainfed maize monoculture. The
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Fig. 5. A 3-year change in soil enzyme activities under different NPK fertilization rates of rainfed maize monoculture. (A) Phosphatase activity (P,0s 100 g~ ! dry soil
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soil 2 h™"). Different letters above the same bars show significant differences at the level of p < 0.05.

investigated soil has clay-loam texture and is slightly alkaline due to the
loess parent material. Subsequent and substantial changes were de-
tected in the nutritional status of soil, i.e., mineral nutrients content and
organic matter stock, and in the dynamics of transformation of the SOM
by soil microorganisms due to NPK fertilization. However, fluctuations
in rainfall during the experimental period, i.e., 2009, 2010 and 2011
had also a significant influence on all the measured soil properties.

4.1. Water retention in soil

Soil moisture content depends on the amount of precipitation in the
rainfed cultivation. The annual expected precipitation in this region
during the growth period is 345.1 mm. The highest soil moisture con-
tent was measured in 2010 (~30% larger), while the lowest was de-
termined in 2011 (~30% lower); the lowest soil moisture content was
about 59-65% of the highest soil moisture content due to the extreme
quantity of precipitation fell in 2010 (Fig. 2A). This was 711.2 mm,
which is 106.1% higher than the 30-year average precipitation of this
region (Table 1). The soil moisture content in the wettest year was
10-12% higher than the driest year. The differences in soil moisture
among treatments including the control are mainly due to the hetero-
geneity of soil than the fertilization treatments. However, Ge et al.
(2018) reported a significant increase in soil moisture content as a re-
sult of long-term NPK application.

4.2. Chemical and biochemical soil properties as affected by rainfall
fluctuation

The soil pH decreased in fertilized experimental plots compared to
control. In the three experimental years, the highest NPK rate
(N2goP125K150) caused a significant reduction in soil pH. Interestingly,
the wettest year (2010) showed the highest soil pH when NPK were
applied at rates below N;50P75Koo; while high NPK rates caused a re-
duction in soil pH compared to the same treatments of 2011. Similar
results were previously cited by Ge et al. (2018); they reported a re-
duction of 1.04 in soil pH value after long-term NPK application in an
‘ople orchard. The differences among the pH values may be due to the

absorption of hydrogen ions on the surface of the colloids causing the
hidden acidity of the soil.

The NO5~ content varies from one year to the next since it is gov-
erned by many climatic and anthropogenic factors such as precipita-
tion, soil texture, soil organic matter, temperature, previous plant
species, fertilization of previous crop and management of plant residues
(Tao et al., 2018). In the present study, NO;~ content showed inter-
esting findings; it was at its highest value (59.0 mg kg ! as an average)
in 2009, while increased rainfall in 2010 significantly declined it to
24.5 mg kg ! (on average). The NO3 ™~ content increased again in 2011
to 51.7 mg kg~ ! (on average) when the rainfall amount was 30% lower
than the average annual precipitation in this region. These data clearly
show that precipitation and temperature were the most influential on
NO;~ content; low temperature and high precipitation in 2010 reduced
nitrification while accelerated denitrification. This caused an increase
in NO5 ™ loss in the form of N3 gas due to anaerobic condition generated
during high precipitation. Also, NO3~ loss through leaching from the
root zone cannot be neglected, especially in sandy soils with low or-
ganic matter, in rainy years or excess irrigation (Sahrawat, 2008; Tao
et al.,, 2018). Also, high rates of NPK resulted in higher soil NO3™
content; and it thus could be recommended that in years with expected
high rainfall the applied amount of N should be decreased in order to
avoid the excess leaching of soil NO3 ™~ which possibly can contaminate
the groundwater and consequently threatens human health. Similar
results were cited by Katai (2006) from a fertilization experiment on a
calcareous chernozem soil in mono-and triculture.

Results of SOC content obviously illustrated that, except for the
highest rate of applied NPK, the activity of soil biota and vegetation
cover and its related plant litter are the major two agents that control
the variation in SOC (Boivin and Kohler-Milleret, 2011). The SOC
content increased in 2011, which is the next season to the wettest year,
as a result of the increase in numbers of organic matter decomposers,
i.e., bacteria, fungi, and cellulose decomposing bacteria. Regardless of
NPK rate, SOC content increased with the growing season achieving the
highest content (25.8 mg kg ~1) in 2011; this emphasizes the hypothesis
that vegetation cover and plant litter are among the main factors af-
fecting the SOC content.
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4.3. Functionality of soil microbes under rainfall fluctuation

Nitrification is the aerobic oxidation of NH; to NO3;~ and N,O
(Sahrawat, 2008). Accordingly, the wettest year (2010) displayed the
lowest net nitrification rate compared to 2009 (highest rate) and 2011.
This could be due to the leaching of NO;~ from the soil profile. In
addition, a huge amount of NO;~ can be converted into N, gas via
denitrification as a result of anaerobic condition generated by large
amounts of water that soil received in 2010. This assumption is sup-
ported by findings reported earlier by Tan et al. (2018) who illustrated
that gross net nitrification significantly decreased with increasing
moisture in soil profile while denitrification increased.

The amount of produced CO; in the soil is an indicator for the soil
health; CO, is generated during respiration of soil organisms, i.e., mi-
crobes, soil animals and plant roots (Bao et al., 2016). Interestingly, the
wettest year (2010) displayed the highest soil respiration on average
followed by 2009, while the driest year (2011) recorded the lowest soil
respiration rate. To a lesser extent, the application rate of NPK affected
soil respiration as all NPK treatments showed almost similar rates of soil
respiration in all the three years. Similar results were previously
documented by Bao et al. (2016); they studied changes in soil re-
spiration under different temperatures and soil moisture. They stated
that low soil moisture diminished soil respiration rate particularly at
high temperatures (i.e., 25 °C). This supports the low respiration rate
reported in this present study in 2011 (the driest year).

Results of MBC clearly proved that the growth of soil biota depends
heavily on soil moisture content compared to the rate of NPK fertilizers.
In 2010 (wettest year), MBC content was almost 2-fold higher than in
2009; it was also higher than in 2011. However, the higher MBC con-
tent measured in 2011 (driest year) in comparison with 2009 may be
attributed to the extended effect of the wettest year. The results of MBC
were consistent with those of the total numbers of different microbial
groups in soil (Table 2). The results of the present study were consistent
with those that have been previously cited by Luo et al. (2015); they
examined the influence of long-term (33 years) fertilization on the
dynamics of soil microbial biomass and changes in bacterial and fungal
communities. Long-term fertilization substantially enhanced MBC;
moreover, these parameters displayed a significant response to the
addition of organic manure. Also, they reported a significant increase in
the ribotype diversity of bacteria and fungi. Cerny et al. (2007) also
documented the positive impact of organic fertilizers on the microbial
biomass N and C-content in the long-term field experiment; while a
negative effect was caused by the application of mineral nitrogen fer-
tilizers in an experiment of maize.

4.4. Structure of soil biota under rainfall fluctuation

Regarding the dynamic of soil microorganisms in the present re-
search, the total number of bacteria and fungi, as well as the cellulose
decomposing and nitrifying physiological groups of bacteria showed
significant positive responses to rainfall fluctuation and to a lesser ex-
tent to NPK fertilization. The total bacterial count showed the least
response to rainfall fluctuations as it did not significantly change due to
the different amounts of precipitation between 2009 and 2011. On the
other hand, total fungi count displayed its highest number in the wet-
test year (2010) and this effect extended to the driest year (2011) re-
cording a higher number than in 2009. Interestingly, numbers of both
cellulose decomposing bacteria and nitrifying bacteria clearly was
rainfall-dependent as their numbers ( x 10° g 1 50il) varied from 4 to 2
in 2009 to 11 and 13 in 2010, respectively; however, this influence
continued in 2011 where higher numbers 15 and 14, respectively, were
calculated. Control plots exhibited almost the same number of total
bacteria and fungi counts in all the three years regardless of the rainfall
fluctuations, except in 2011 total fungi count was lower than those
acorded in 2009 and 2010. The total bacterial count showed a higher

ponse to different applied rates of NPK fertilizers in the wettest year

Ecotoxicology and Environmental Safety 201 (2020) 110803

(2010) compared to 2009 and 2011 recording higher numbers under
most of the tested NPK rates. Likewise, NPK fertilizers had a better
influence on total fungi counts in 2010 (wettest year) in comparison
with 2009 and 2011 as the all rates of NPK displayed the high numbers
of total fungi count except at the rate of NygoP100K120- Although in 2009
cellulose decomposing bacteria poorly responded to the applied rates of
NPK except at the higher rates, in 2010 and 2011 they showed different
behavior as higher numbers in 2010 (wettest) were measured and the
high NPK rates increased their number. Moreover, this effect was even
more obvious in 2011 (driest year) where cellulose decomposing bac-
teria showed their highest numbers particularly under high rates of
NPK. Nitrifying bacteria displayed similar responses to cellulose de-
composing bacteria as low numbers were detected in 2009 and in-
creased with increasing rainfall and NPK rates in 2010; also, their
numbers in 2011 were higher than in 2009 but high rates of NPK above
Ni20P75Kgq diminished their number. These results clearly proved that
the variation in the structure of soil biota mainly depends on soil
moisture content and to a lesser extent to the rate of mineral fertilizers.
These results are strongly supported by the findings of Ge et al. (2018),
who documented that soil microbial structure did not significantly in-
fluence by long-term NPK application. Contrarily, Diallo-Diagne et al.
(2016) presented different results; they analyzed the bacterial popula-
tion by PCR-denaturing gel electrophoresis targeting the eubacterial
16 S rRNA gene. They reported that bacterial clusters significantly af-
fected by both mineral and/or organic fertilizers. However, our results
were in agreement with the conclusion of Haynes and Naidu (1998);
they stated the primary effect of fertilization is a direct effect that could
manifest in the change of soil fertility and in the increasing carbon
stock. This change led to an increase in the total number and biomass of
soil microorganisms, as well as the activity of enzymes in the propor-
tion of the applied amount of nitrogen. Hopkins and Shiel (1996) stu-
died changes in soil parameters in grassland plots under the long-term
application of manure and inorganic fertilizers. In their experiment,
farmyard manure with NPK fertilizers led to smaller biomass and lower
biomass to organic C ratio, while single application of NPK resulted in
greater glucose affinity was measured, but did not significantly affect
the biomass C to organic C ratio or qCO5. According to Katai et al.
(2014) the organic carbon and org-N contents, MBC, MBN, net-ni-
trification, and soil respiration increased as a result of mineral fertili-
zation.

4.5. Rainfall fluctuation and soil enzyme activities

The results obtained from the current experiment clearly illustrated
that NPK fertilization had lesser consequences on the activity of the
tested four soil enzymes compared to rainfall fluctuations. Nevertheless,
fertilized plots with NPK displayed higher activities of soil enzymes
compared to control. However, using NPK at the highest rate
(N300P125K150) caused a reduction in enzyme activity compared to
lower rates. It can be assumed that the composition of soil biota was
changed by the effect of fertilization, but the investigation was not
carried out in this regard. According to Fog (1988), the variation in soil
biota involves a change in soil enzyme activity and consequently, the
nutrient cycling, i.e., carbon and nitrogen cycles will go through in a
rapid change and cause nitrogen accumulation. This is primarily due to
the degradation of the easily decomposable organic material; it is
quickly followed by the accumulation of N and slow breakdown of the
hardly decomposable organic material by microbes.

Soil phosphatases (i.e., acid and alkaline phosphomonoesterases)
convert organic phosphorus to mineral phosphorus playing a crucial
role in the phosphorus cycle. The effect of anthropogenic activities and/
or biotic and abiotic environmental stressors cannot be adequately
discussed because the current methods used for measuring phosphatase
activity cannot distinguish between the sources of soil phosphatases
either associated with living microbial cells or the extracellular phos-
phatases adhered to the surface of soil colloids (Gianfreda and
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Ruggiero, 2006). The activity of soil phosphatase showed higher de-
pendence on soil moisture content than application rates of NPK, where
activities of soil phosphatase noticeably hesitated when NPK increased.
The soil phosphatase activity significantly diminished in 2010 when
soil received 106.1% rainfall larger than the 30-year average pre-
cipitation. Marklein and Houlton (2012) cited that N fertilization en-
hanced phosphatase activity while the addition of P fertilizer reduced
the activity. On the other hand, a 31-40% reduction in phosphatase
activity was attributed to the limited moisture content in the soil profile
(Sardans and Penuelas, 2004).

Saccharase (invertase) cleavages the glycosidic bond in disaccharide
sucrose resulting in monosaccharides glucose and fructose.
Frankenberger and Johanson (1983) documented that total N and or-
ganic C contents significantly enhanced the saccharase activity;
whereas soil pH, cation exchange capacity and soil texture showed no
effect. Moreover, they cited that saccharase activity reduced with soil
depth. However, results obtained in the present study confirmed the
effect of organic carbon on saccharase activity, while increasing the rate
of N did not cause a similar increase. On the other hand, fluctuations in
rainfall changed the activity of saccharase; in 2010, higher activity was
measured compared to 2009 while the highest activity was determined
in 2011. Katai et al. (2014) reported a significant decline in the activity
of saccharase in chernozem soil.

Soil dehydrogenases are intracellular enzymes and are not accu-
mulated outside the living microbial cells in the soil. Therefore, dehy-
drogenases are important as an indicator of soil health and microbial
activity (Salazar et al., 2011). Dehydrogenases are responsible for redox
reactions in soil and the transformation of soil organic matter via the
biological oxidation (Moeskops et al., 2010). However, the relation-
ships between dehydrogenases and the total microbial activity are not
always evident due to the complexity of soil and its heterogeneity
(Salazar et al., 2011). Wolinska and Stepniewska (2012) listed the sti-
mulatory factors of soil dehydrogenase activity as follows: soil
moisture, soil aeration, soil organic matter, soil pH, temperature and
season of the year. Controversy, they cited profile depth, mineral fer-
tilization, pesticides and heavy metal pollution as inhibiting agents to
dehydrogenase activity. Our results revealed that high rates of NPK
fertilization had a significantly negative influence on dehydrogenase
activity, where low rates of NPK exhibited higher activities of dehy-
drogenase. On the other side, seasonal and rainfall variations did not
show a significant impact on soil dehydrogenase activity as similar
activities were measured in 2009, 2010 and 2011. Also, it could be
interpreted that higher activities measured in 2011 are due to high
organic carbon content determined in this year. Luo et al. (2015) stu-
died the changes in soil dehydrogenase activity after long-term (33
years) fertilization, and they reported a substantial enhancement in
dehydrogenase activity.

Urease is one of the key soil enzymes; it is strongly associated with
chemical changes of nitrogen forms and thus plays an important role in
the nitrogen cycle (Liang et al., 2003). In the present study, urease
displayed different responses to rainfall fluctuation compared to the
other soil enzymes. Urease was the most sensitive enzyme to soil
moisture content as its activity directly proportioned to rainfall. The
highest activity of urease was measured in 2010 (the wettest year)
followed by 2009 while the lowest activity was determined in 2011 (the
driest year). Urease activity showed a lesser response to NPK fertiliza-
tion, where high NPK rates displayed lower activity than low and in-
termediate rates. A decline in urease activity in chernozem soil was
cited by Katai et al. (2014).

It could be summarized that with limited nitrogen supply the mi-
crobes produce a phenol-oxidase enzyme, which can help to release
carbon and nitrogen from the hardly biodegradable organic matter
(Craine et al., 2007). In addition, at higher nitrogen content of the soil,
the rapid transformation of organic matter takes place; where the cel-
“lose decomposers and producers of cellulase enzyme (Manning et al.,

08) play an important role. In soils containing a limited or higher
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quantity of nitrogen, the ratio between fungi and bacteria is very in-
teresting, it can be stated that the fungi are more effective at the be-
ginning of the decomposition, while the utilization of inorganic matter
and simple organic compounds is much better for bacteria. Our results
demonstrate that the number of fungi increased dynamically and their
number was more rainfall-depended than the total number of bacteria.

5. Conclusion

In Hungary, in the Gorbehdza long-term fertilization field experi-
ment the NPK fertilizers - applied near 30-year in a typical meadow soil
- had a positive effect on some soil chemical and microbiological
properties. Fertilization caused significant changes in the mineral nu-
trients and organic matter stock of soil as well as in the dynamic of the
transformation of the soil organic matter. The results show that while
the phosphorus was greatly accumulated by the increasing doses of
fertilizers, the accumulation of potassium had a much lower rate in the
soil. Among the microbial parameters, the number of microscopic fungi
and the amount of cellulose decomposing bacteria have increased sig-
nificantly by rainfall fluctuation. The remarkable positive effect on the
net nitrification and the COj-production was caused by the inter-
mediate dose of fertilizer and mainly by precipitation. The content of
MBC, the activity of phosphatase, saccharase, urease, and dehy-
drogenase enzymes have grown almost in all fertilized plots compared
to control. However, a high dose of NPK fertilization generally lowered
enzyme activity. The different climatic factors, especially the quantity
and distribution of precipitation, have an emphasized influence on the
physical, chemical and microbiological properties in the soil ecosystems
due to global climate change. For sustainable agricultural production
regular monitoring of soil physical, chemical and microbiological
properties would be indispensable to control not only the agro-technical
methods but also the climatic effects on soils.
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