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Abstract: Prolonged drought and extreme precipitation can have a significant impact on the activity
and structure of soil microbial communities. The aim of the study was to assess the impact of drought
length on the dynamics of mineral nitrogen, enzyme activities and bacterial diversity in two soils of
different texture (sand and silt loam, according to USDA classification). An additional objective was
to evaluate the effect of compost on the alleviation of soil microbial responses to stress conditions,
i.e. alternating periods of drought and excessive soil moisture. The pot study was carried out in a
greenhouse under controlled conditions. Compost was added at an amount equal to 3% of soil to
the sandy soil, which was characterised by a significantly lower water retention capacity. Specific
levels of water stress conditions were created through application of drought and soil watering
periods. For each soil, four levels of moisture regimes were set-up, including optimal conditions
kept at 60% of field water holding capacity, and three levels of water stress: The low level—2 week
period without watering; the medium level—1 month drought period followed by watering to full
but short-term soil saturation with water; and the high level—2 month drought period followed by
full and long-term saturation with the same total amount of water, as in other variants. The soil
water regime strongly modified the activities of dehydrogenases and acid and alkaline phosphatase,
as well as the bacterial diversity. Loamy soil exhibited greater resistance to the inhibition of soil
enzymatic activity. After irrigation, following both a 1 month and 2 month drought, the enzyme
activities and nitrification largely recovered in soil with a loamy texture. Drought induced substantial
shifts in the functional diversity of bacterial communities. The use of such C substrates, as carboxylic
and acetic acids, was strongly inhibited by water deficit. Water deficit induced changes in the
relative abundances of particular phyla, for example, an increase in Acidobacteria or a decrease in
Verrucomicrobia. The study clearly proves the greater susceptibility of microbial communities to
drought in sandy soils and the important role of exogenous organic matter in protecting microbial
activity in drought periods.
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1. Introduction

Analysis of climatic data in recent years indicates that climate change is currently occurring, with
an increase in temperature, no change in total precipitation and more frequent extreme events [1].
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This situation has negative effects on the soil water balance. Hyncica and Huth observed that the ratio
of solid to total precipitation significantly declines over large parts of Europe [2]. In the past, winter
precipitation used to be a significant source of water for plant growth. Scenarios of climate change
predict a decrease in average precipitation from May to October, i.e. during the period of intensive
plant growth. The recent trends in temperature and precipitation sums and distribution over the
growing season generate risks of soil drought, especially in light sandy soils. Summer precipitation is
currently decreasing over a substantial part of Europe, and this is accompanied by the intensification
of extreme precipitation events [3]. Soil can either not retain most of the water during intensive
rainfall events or such events cause excessive soil moisture, depending on the texture and land relief.
Grillakis reported that drought conditions are expected to exacerbate in Europe, with Eastern Europe
and Mediterranean regions being the most affected areas [4].

For example, in 2015, the climatic water balance, i.e. the difference between rainfall and
evapotranspiration, was extremely negative in the period from June to August across almost the
entirety of Poland. National monitoring of agricultural drought in Poland revealed that a substantial
threat of agricultural drought was recorded in 2010, 2011, 2013, 2015, 2017 and 2018 [5]. In each of
these years, drought affected at least 10 crops. Particularly unfavourable conditions concerning water
resources for arable crops occurred in 2015 and 2018, in which a water deficit was recorded for all
14 monitored crops [5].

Prolonged drought causes a significant loss in yield of susceptible crops and economic outcomes.
At the same time, it can also have a significant impact on the activity and structure of the soil microbial
communities [6–8]. A negative impact of soil drought on soil microorganisms might further enhance
the susceptibility of crops to drought conditions. According to Milosevic et al. [9], microorganisms
can support plant resistance to drought through a number of different mechanisms, for example:
By producing polysaccharides that improve soil structure and water holding capacity; by producing
deaminase, indoleacetic acid (IAA) and proline, which induce drought stress tolerance in crops; and by
improving water circulation trough fungal mycelia. Furthermore, Nguyen et al. [10] documented that
deleterious effects of prolonged drought on plant productivity had resulted from negative impacts on
microbial abundance and community structure, and the linked reduction of nutrient availability.

It can also be assumed that sudden and significant changes in soil moisture, e.g. intensive rain
after long drought, can significantly affect the functionality of microorganisms and the processes they
control. Previous studies indicate that alternating periods of drought and excessive soil moisture
might have a strong effect on soil biology [11]. According to Gleeson et al. [12], under conditions of
soil saturation with water, after a long period of drought, lysis of microbial cells, connected with the
release of intracellular enzymes, occurs. In such conditions, the rate of mineralisation of both carbon
and nitrogen increases. Gianfreda and Bollag [13] showed that a decrease in soil water content can also
lead to the formation of hypertonic osmotic pressure, resulting in a decrease in microbial activity or the
drying of bacterial cells.

The main aim of the study was to assess the impact of drought length on the dynamics of mineral
nitrogen and the enzyme activities in two soils of different texture. We also deeply investigated the
impact of water stress on bacterial diversity, as fungal diversity has been reported as more resistant
to drought [14]. An additional objective was to evaluate the effect of compost addition to soil on the
alleviation of microbial responses to stress conditions, i.e. alternating periods of drought and excessive
soil moisture.

2. Materials and Methods

2.1. Experimental Setup

The pot study was carried out in a greenhouse under controlled conditions (supplemental light and
27/20 ◦C day/night temperatures) in 3 L plastic pots with three replicates for each combination. The pot
study involved two soils of different texture (sand and silt loam, according to USDA classification),
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collected from arable land nearby Pulawy, Poland. The clay content of the soil was 1 and 5% in sand
and silt loam, respectively. The soils substantially differed in terms of soil organic carbon (SOC) content,
with 5.7 and 21.6 g kg−1 in sand and silt loam, respectively. The initial soil pH of both soils was neutral,
with 6.5 and 6.6 in water suspension for sand and silt loam, respectively. Soils were sieved through
2 mm sieves and homogenised prior to the experiment.

Compost was collected from the GWDA company, Piła, Poland; it contained 30.7% organic matter
and had a pH of 6.1. It was produced based on a mixture of sewage sludge and selectively collected
green municipal waste, as well as waste from the food industry and agriculture. The compost is
certified as a soil improver.

The experimental scheme is shown in Figure 1. Specific levels of water stress conditions were
created through application of drought and soil watering periods. For each soil, four levels of moisture
regime were set-up, including optimal conditions (Ctrl) (kept at 60% of field water holding capacity,
FWHC, over the entire experiment) and three levels of water stress. The low level (Low) of stress
conditions for microorganisms was represented by 2 week periods without watering, the medium
level (Med) was created by a 1 month drought period followed by watering to full but short-term soil
saturation with water, while the high-stress conditions (High) were represented by a 2 month drought
period followed by full and long-term saturation with the same total amount of water, as in other
variants. In the Low variant, the soil was watered on days 12, 26, 40 and 60 of the experiment. In the
Med variant, soil irrigation was done on days 26 and 60, whereas in the High variant, irrigation was
only performed on day 60. In the Low variant, we added the amount of water needed to reach the
moisture level of the Ctrl soil. In the Med and High variants, the same total volumes of water as in the
Low variant were introduced to the soil.
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Figure 1. Scheme of soil watering and sampling during the 9 weeks of the pot experiment; Arabic
numerals—week of the experiment; W—watering day; Roman numerals—sampling day.

Soil amendment with compost was tested in the experiment to verify its contribution to mitigating
the susceptibility of microorganisms to drought. Compost was added at the amount equal to 3% of soil
only to the sandy soil, which was characterised by a significantly lower water retention capacity.

Soil moisture was maintained and recorded throughout the entire course of the experiment by
pot weighing. Soil samples were collected four times, corresponding to Sampling time I, II, III and IV
in the text, to represent periods of drought (end of drought period, right before watering), as well as
periods of soil saturation with water (4 days after watering events) (Figure 1).

The first soil sampling (I) was performed at the end of the drought period after 1 month, the second
(II) 4 days after soil watering, the third (III) at the end of the drought period after 2 months of the
experiment and the fourth sampling (IV) 4 days after soil watering. Moist soil samples were used
in analysis of soil enzymes, biodiversity indices, nitrification and extractable nitrogen, whereas
subsamples for chemical analysis were air-dried.
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2.2. Chemical and Microbiological Analysis

Soil pH was measured in H2O using a combined glass electrode in a slurry with a 1:2 v/v
soil/water ratio. Total organic carbon (OC) and nitrogen (N) were analysed by combustion with a CN
analyser (Elementar, vario Macro cube). Mineral nitrogen (N) was measured after extraction with 1 M
K2SO4, by continuous segmented flow spectrometry, using a QuAAtro39 analyser (Seal Analytical,
Norderstedt, Germany).

The activities of three enzymes (dehydrogenases, and acidic and alkaline phosphatases) were
measured using commonly used protocols to characterise the biochemical activity of the soil.
Dehydrogenases were determined according to Casida et al. [15] using the colorimetric method,
with TTC (triphenyltetrazolium chloride) as the substrate, after 24 h of incubation at 37 ◦C. Alkaline
and acid phosphatase activities were measured by the colorimetric method using PNP (sodium
p-nitrophenylphosphate) after 1 h of incubation at 37 ◦C at a wavelength of 410 nm [16].

The nitrification potential was determined according to the ISO 15685 method [17]. Moist soil
subsamples (25 g) were mixed with mineral medium to form a slurry and shaken at 125 rpm for 24 h.
The mineral medium consisted of 1.5 mM ammonium sulphate (NH4)2SO4 as substrate, 1 mM potassium
phosphate buffer (KH2PO4 and K2HPO4) and 5.625 mM NaClO3. After incubation, 4 M KCl was
added to the slurry, and the suspension was filtered (390-grade filter paper). Subsequently, the filtrate
was mixed with the colour reagent containing sulphanilamide and N-(1-naphtyl)ethylene diamine
dihydrochloride. The concentration of the formed NO2

− was determined spectrophotometrically at a
wavelength of 543 nm.

In order to evaluate the effect of water stress on the diversity of bacteria in the loamy soil samples,
collected in sampling time I, III and IV were subjected to metabolic profile and genetic diversity
analysis. Metabolic profile (phenotypic) assessment of soil samples was carried out using the BIOLOG
EcoPlate® System (Biolog TM, Hayward, CA, USA). The method is based on the direct inoculation of
BIOLOG plates, containing a range of carbon sources, with microbial suspension from soil. A change
in the purple tetrazolium colour is an indicator of the degradation in a given carbon source. Each
plate includes 96 wells containing 31 different carbon sources, plus a blank well, in three replications.
The substrates in the wells represent five groups: Carbohydrates (n = 10), carboxylic acids (n = 9),
amines and amides (n = 2), amino acids (n = 6) and polymers (n = 4). Freshly collected soil samples
were taken (1 g) and suspended in a bottle containing sterile water (99 mL), followed by shaking
for 20 min at 20 ◦C. The suspension was then left to settle for 30 min at 4 ◦C. Subsequently, the
supernatant was filtered through a BagFilter® 400P (Interscience, Saint Nom La Breteche, France)
to avoid transmission of the remaining plant and soil particles, which could affect further reads.
Inoculation was accomplished by pipetting 120 µL of each sample into each well of the EcoPlate™.
Plates were incubated at 28 ◦C, for 168 h, and the absorbance at 590 nm was measured using a BIOLOG
Microstation every 24 h. For further analysis, readings at 144 h were chosen as the most suitable ones,
representing the optimum optical density. Average well colour development (AWCD) after 120 h of
incubation was calculated for each plate, using the method described by Garland [18], as a mean of the
optical density (OD590) from the individual wells.

For analysis of the genetic diversity of bacteria, total DNA was extracted from each soil sample
using the FastDNA™ SPIN Kit for soil (MPBiomedical, Santa Ana, CA, USA), and the V3–V4 region
of the 16S rRNA gene was sequenced using 341F (5′-CCTACGGGNGGCWGCAG-3′) and 785R
(5′-CTACHVGGGTATCTAATCC-3′) primers [19], in 2 bp × 250 bp paired-end technology using the
Illumina MiSeq system. Demultiplexed fastq files were processed using the DADA2 (1.12) package [20]
in R software (3.6.0) [21]. Forward and reverse reads were trimmed to 250 bp, and primer sequences
were removed from all reads. The filtering parameters were as follows: maxN = 0, maxEE = 2
and 3 for forward and reverse reads, respectively, truncQ = 2. Sequences were de-replicated using
derepFastq with default parameters, and the exact sequence variants were resolved using dada.
RemoveBimeraDenovo was then used to remove chimeric sequences. After the filtration steps, 62%
(mean = 50990) of the reads were left for further analysis. Taxonomy was assigned using the latest
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version of the RDP database (release 11.5) using a naïve Bayesian classifier [22], and the minBoot
parameter was set to 80. The resulting taxonomy and reads-count tables constructed in DADA2 were
appropriately converted and imported into the phyloseq package [23]. Alpha diversity measures
were calculated with the use of the phyloseq package. Sequences belonging to the chloroplast or
mitochondrial DNA were removed. Subsequently, for further analysis, the total number of reads for
the individual taxa was converted into a percentage, assuming the sum of all taxa in the individual
samples as 100%.

2.3. Statistical Analysis

The results were subjected to analysis of variance (ANOVA) using the software Statistica v. 13.0
(TIBCO Software Inc., Palo Alto, CA, USA). The significance of difference between the moisture regimes
and between compost-treated and -untreated soils was identified using Tukey’s test (p < 0.05).

The Biolog Ecoplate-derived functional diversity indices of microorganisms activity, such as
AWCD and the Shannon diversity index (H′), were calculated for data after 144 h. Variations in the
impact of moisture stress on carbon source utilisation were assessed by using principal component
analysis (PCA), with mean values of the AWCD and consumption of carbon source groups as response
variables. The PCA is a mathematical protocol converting a set of observations of possibly correlated
variables into linearly uncorrelated variables, so-called “principal components”. This approach is
commonly used to describe patterns of variation within multi-dimensional datasets [24]. Prior to
analysis, all data were centred and log-transformed. The PCA analyses and H′ calculations were
performed using MVSP [25].

3. Results and Discussion

3.1. Impact of Water Stress on Nitrogen Forms and Nitrification Potential

The ammonia-N concentration was low in the Ctrl, regardless of the sampling time, indicating
that NH4-N was converted into nitrate via nitrification. It could have also been driven by an increased
N mineralisation rate as reported by Fuchslueger et al. [26]. The longer the period of drought,
the higher the concentration of NH4-N in the soil, resulting from lower nitrification activity or
increased mineralisation (samplings I and III). This was observed for both soil textures (Table 1).
Watering eliminated the differences in NH4-N concentration between moisture regimes, particularly at
sampling time IV. Compost amendment to the sandy soil did not increase NH4-N contents compared
to nonamended soil (Table 1); its content drastically decreased after watering. This was the effect of the
restimulated nitrification process and/or induced N2O emission under temporary anaerobic conditions.
The latter was likely especially in loamy soil due to the finer texture impact on respiration during full
saturation periods following rewetting (Table 1).

The nitrate content was dependent on the presence of compost and the stress level (Table 1).
The addition of compost to sandy soil introduced an additional source of various forms of nitrogen,
increasing the amount of ammonia in the soil that was readily converted to nitrates via nitrification.
This resulted in a sharp increase in the nitrate-N content in compost-amended soil. Drought periods
did not reduce the nitrate content as compared to the Ctrl, with constant moisture in the case of both
soils. Watering after the 2 month drought period caused a sharp reduction in nitrates, as shown for
sampling time IV, likely due to induced denitrification.

The nitrite contents were extremely low at optimal moisture (Ctrl), which indicates that there was
no impairment of nitrification during both phases of the process. In periods of drought, the content of
NO2-N increased, indicating the inhibition of the nitrite-to-nitrate transformation (the second phase of
nitrification). Soil irrigation after drought periods enabled the recovery of the activity of this phase,
as proved by the NO2-N content (Table 1).
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Table 1. Mineral nitrogen forms as dependent on water stress and sampling time.

Stress Level Ammonia-N (mg kg−1) Nitrite-N (mg kg−1) Nitrate-N (mg kg−1)

I 1 II III IV I II III IV I II III IV

Loamy soil
Ctrl 0.27 c2 0.00 b 0.06 c 0.43 a 0.07 c 0.07 b 0.11 c 0.07 a 87.4 a 84.9 a 14.2 b 9.6 c

Low 5.94 b 0.00 b 2.64 bc 0.72 a 3.45 b 0.09 b 2.12 b 0.22 a 165.7 a 95.2 a 137.1 a 36.6 a

Med 14.1 a 0.00 b 4.24 b 0.00 a 8.81 a 0.04 b 3.08 b 0.07 a 190.4 a 43.1 a 102.6 ab 13.8 bc

High 12.2 a 8.74 a 12.31 a 0.00 a 6.81 a 6.72 a 8.31 a 0.10 a 170.6 a 50.4 a 57.7 ab 26.4 ab

Sandy soil
Ctrl 1.95 b 0.45 b 0.60 c 1.05 a 0.25 a 0.22 b 0.67 a 0.44 a 154.4 a 48.3 b 60.8 b 50.3 ab

Low 4.72 a 1.11 b 2.19 b 0.95 a 0.59 a 0.18 b 0.34 a 0.12 b 132.0 a 165.8 a 212.7 a 76.8 a

Med 4.74 a 0.77 b 3.71 a 1.20 a 1.25 a 0.15 b 0.46 a 0.08 b 161.9 a 35.3 b 214.4 a 24.6 bc

High 4.16 a 3.32 a 4.96 a 1.47 a 1.19 a 0.96 a 0.79 a 0.16 b 171.0 a 126.3 a 86.4 b 10.9 c

Sandy soil amended with compost
Ctrl 1.17 b 0.28 b 0.63 c 0.93 ab 0.16 b 0.14 b 0.56 a 0.51 a 112.0 b 65.2 b 37.2 b 54.9 ab

Low 4.95 a 0.60 b 2.06 bc 0.47 b 0.68 ab 0.21 b 0.70 a 0.11 a 322.5 ab 211.1 a 361.3 a 89.7 a

Med 6.61 a 0.32 b 3.54 ab 0.99 ab 1.55 a 0.09 b 0.88 a 0.16 a 326.6 ab 52.9 b 327.7 a 31.2 bc

High 5.42 a 3.78 a 4.83 a 1.27 a 1.09 a 1.22 a 1.00 a 0.14 a 410.5 a 167.0 a 105.2 b 5.5 c

1 Sampling time, 2 Means marked with the same letter did not differ significantly across the stress level within soil
(p < 0.05, n = 3) according to the Tukey test.

The soil nitrification potential (NP) is a highly sensitive parameter which reflects the response of soil
microorganisms to environmental factors, e.g., temperature, moisture or soil contamination [12,27,28].
It describes the potential activity of a specialised group of autotrophic bacteria—ammonia-oxidising
bacteria dominated by the two genera Nitrosomonas and Nitrosospira—responsible for the first phase of
nitrification [29,30]. The presented results clearly indicate that drought stress and rewetting significantly
affected the activity of the nitrifying bacteria (Table 2), regardless of the type of soil.

Table 2. Nitrification potential as dependent on water stress and sampling time.

Stress Level
Nitrification Potential (µg NO2−·g DM−1)

I 1 II III IV

Loamy soil
Ctrl 7.47 a2 8.87 a 6.89 a 6.85 a

Low 2.12 b 8.36 a 3.42 b 8.77 a

Med 2.12 b 7.25 a 2.89 b 8.54 a

High 2.50 b 2.00 b 2.03 b 5.85 a

Sandy soil
Ctrl 4.71 a 6.08 a 10.92 a 8.66 a

Low 1.17 b 3.89 b 1.41 b 3.25 b

Med 0.97 b 4.19 b 1.89 b 3.36 b

High 1.06 b 1.01 c 1.46 b 3.19 b

Sandy soil amended with compost
Ctrl 4.73 a 5.78 a 10.99 a 9.28 a

Low 1.22 b 4.39 ab 1.43 b 3.70 b

Med 0.98 b 4.80 a 1.77 b 6.15 ab

High 1.02 b 1.57 b 1.56 b 4.13 b

1 Sampling time, 2 Means marked with the same letter did not differ significantly across the stress level within soil
(p < 0.05, n = 3) according to the Tukey test.

In the loamy soil, at an optimum moisture level (Ctrl), nitrification potential was at the similar
level of 6.85–8.87 µg NO2

−
·g d.w.−1 during the entire duration of the experiment. Application of

the 1 month drought stress caused almost a 70% reduction in NP activity. After the first rewetting
(sampling II), the NP values increased in soils subjected to low and medium water stress, up to the level
observed in the Ctrl. Only in the soil exposed to High water stress, the nitrification activity remained
inhibited due to the lack of irrigation (Table 2). Similar relationships were found after 2 months of the
experiment; shortly before the second rewetting, the NP activity was 50–60% lower in relation to the
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Ctrl. Soil rewetting after 2 months caused an increase in the NP to the level of activity found at the
optimal moisture, including High stress (Table 2). Nitrification potential was also significantly affected
in sandy soil (Table 2). However, the resistance and resilience of sandy soil to moisture stress were
lower than those in loamy soil; 30 (sampling I) and 60 (sampling III) days of water deficiency resulted
in an 80% reduction in nitrification activity. The recovery of nitrifying bacterial activity observed
after soil rehydration (samplings II and IV) was at the level of 40–60% of that of the control. Compost
application to the sandy soils only slightly reduced the negative effects of drought on soil nitrifying
bacteria and facilitated recovery after soil rewetting (Table 2).

Two fundamentally different mechanisms can be considered in order to explain the effects of
rewetting on the transformation of nutrients and soil organic matter. The first is the effect on soil
physical properties [31], while the second is the effect on microorganisms [32]. During drought periods,
nutrient concentrations in the soil solution increase, forcing microbes to balance the increasing osmotic
potential by accumulating or producing osmolytes, which could lead to large amounts of N being tied
up in the microbial biomass. Rewetting of the dry soil introduces a water pulse and causes a sudden
decrease in soil osmotic pressure: Microbes release accumulated osmolytes to avoid lysis and are
triggered back from low activity or dormant states, resulting in peaks of C and nitrogen mineralisation
and of nitrification [26,32]. It has also been reported that some ammonium-oxidising bacteria are
well-adapted to extreme drought and become active within minutes of rewetting dry soil [12].

3.2. Impact of Water Stress on Enzyme Activities

In general, water deficit in soil is known to reduce enzyme activities [33,34]. The highest activity
of dehydrogenases in loamy soil was recorded under the optimal moisture level. At the end of the
1 month drought period, there was a decrease in the enzymatic activity of dehydrogenases under all
three stress levels, and a few days later, a noticeable increase was observed in rewetted soils (Low and
Med stress); however, the activity was still lower than in the Ctrl. The same relationships were observed
after 2 months of the experiment—prior to soil rewetting, the dehydrogenase activity was three times
lower than that in the Ctrl. Soil rewetting induced an increase in dehydrogenase activity in all water
stress experimental combinations. It should be noted, however, that soil rewetting did not provide the
recovery of dehydrogenase activity to the level observed in the Ctrl (Table 3). We also observed that
after 2 months (sampling III), there was no difference in dehydrogenase activity between Low, Med and
High water stress, with three, one and zero rewetting events, respectively. The level of dehydrogenase
activity was considerably higher in the loamy soil, whereas the magnitude of dehydrogenase inhibition
was higher in the sandy soil. Even after soil rewetting, dehydrogenase activities were 78–93 and
88–93% lower than in the Ctrl at samplings II and IV, respectively (Table 3).

Slightly different responses were found for phosphatases. In loamy soil, phosphatases were most
active in the Ctrl, as compared to the other water regimes. The only statistically significant differences
were noticed after sampling I (end of the drought period after 1 month) and III, which occurred at the
end of the 2 months drought period, before soil rewetting. Analysis of samples collected 4 days after
rewetting (samplings II and IV) revealed no statistically significant differences between stress levels
for both phosphatase activities in loamy soil, indicating full recovery of the activity, regardless of the
length of the drought period (Table 3).

In sandy soil, rewetting after 1 month resulted in activities of acidic phosphatase at the level
comparable to control soil, whereas after 2 months of water stress and subsequent rewetting, this enzyme
performed weaker under water stress than in the Ctrl (Table 3). Alkaline phosphatase behaved
differently in sandy soil, where its activity was significantly lower in samplings I and III at all water
stress levels (Low, Med, High) and where it did reach the Ctrl level after both soil rehydration events
(samplings II and IV). Similarly, as in our study, Sardans and Panuelas [35] observed that phosphatases
were less affected by drought than other soil enzymes (urease and protease, involved in N cycling).

Siebielec at al. [36] documented the long-term stimulation of dehydrogenases and phosphatases
activity by application of organic soil amendments—sewage sludge and digestate. This effect was also
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observed by other authors [37,38], being most pronounced in degraded soils [39]. Pascual et al. [38]
also proved that under severe drought, soil microbial activity had remained significantly greater in
organic amended soils. Similarly, the application of composted biodegradable waste significantly
increased activities of a broad range of enzymes [40,41]. In our study, the compost addition to sandy
soil significantly reduced inhibition of dehydrogenases caused by water deficiency, and enabled a
much better recovery of the enzyme activity after soil rewetting (sampling IV)—45 to 74% of the Ctrl
value instead of 6 to 12% of the activity under optimal moisture in soil without compost addition
(Table 3). Soil amendment with compost did not affect acidic phosphatase. In the case of alkaline
phosphatase, compost, in general, increased its activity in samplings III and IV, but did not support a
full recovery of the activity (Table 3).

Table 3. Soil enzyme activities as dependent on soil moisture and water stress.

Stress Level
Dehydrogenases (µg g DM−1 24 h−1) Acidic Phosphatase (µg g DM−1 h−1) Alkaline Phosphatase (µg g DM−1 h−1)

I 1 II III IV I II III IV I II III IV

Loamy soil
Ctrl 163.1 a2 160.7 a 159.3 a 181.7 a 19.2 a 15.1 a 151.8 a 138.5 a 8.1 a 7.8 a 61.4 a 84.0 a

Low 73.7 b 101.6 b 35.7 b 95.3 b 12.4 b 14.9 a 98.2 b 146.6 a 5.2 ab 7.4 a 44.8 b 72.9 a

Med 51.6 b 97.8 c 33.9 b 81.1 b 11.5 b 13.9 a 104.5 b 146.6 a 3.9 b 5.1 a 43.4 b 68.3 a

High 46.0 b 60.2 c 33.1 b 78.9 b 11.4 b 12.4 a 96.9 b 121.6 a 3.4 b 4.1 a 37.8 b 59.9 a

Sandy soil
Ctrl 45.9 a 35.9 a 42.0 a 40.6 a 3.4 a 3.2 a 30.5 a 41.7 a 2.4 a 2.0 a 16.6 a 14.8 a

Low 4.2 b 7.8 b 1.8 b 2.7 b 2.3 b 2.8 a 16.9 b 23.8 b 1.0 b 1.3 b 5.0 b 5.7 b

Med 3.1 b 5.3 b 3.7 b 5.0 b 2.2 b 3.0 a 18.5 b 23.4 b 1.0 b 1.3 b 5.1 b 7.0 b

High 3.4 b 2.4 b 3.0 b 2.6 b 2.1 b 2.5 a 17.8 b 26.8 b 1.1 b 1.1 b 3.8 b 8.0 b

Sandy soil amended with compost
Ctrl 49.4 a 45.7 a 35.1 a 38.0 a 3.4 a 3.8 a 28.4 a 29.2 a 3.0 a 2.3 a 32.6 a 68.4 a

Low 20.4 b 27.2 ab 6.7 c 17.8 c 2.1 b 3.0 b 16.1 b 23.3 b 1.4 b 1.7 a 7.9 a 19.3 b

Med 23.4 b 22.0 b 8.5 bc 23.8 b 2.2 b 3.1 b 16.6 b 23.6 b 1.6 b 2.1 a 16.8 a 15.7 b

High 22.2 b 21.4 b 11.5 b 28.8 b 2.3 b 2.2 c 17.6 b 23.1 b 1.7 b 2.0 a 12.8 a 19.4 b

1 Sampling time, 2 Means marked with the same letter did not differ significantly across the stress level within soil
(p < 0.05, n = 3) according to the Tukey test.

3.3. Impact of Water Stress on Functional Diversity of Bacteria

The use of Biolog EcoPlates enables the evaluation of changes in the structure of microbial
populations. The use dynamics of 31 specific carbon substrates on Biolog EcoPlates provides data
on the functional profile of microbial communities in response to various drivers [18,42]. It has been
rarely applied to study the microbial response to drought in arable soils; however, Preece at al. [43]
observed drought as a strong driver of diversity in microbial community physiological profiles in soil
under tree plantations.

The analysis demonstrated that the microbial communities representing various moisture stress
levels differed in their abilities to utilise carbon substrates. The AWCD values, expressing the average
intensities of C use, were highest at the optimal moisture conditions at all sampling times and at the
rewetted Low and Med levels at sampling IV (Figure 2). Even at Low water stress, where the soil
was watered once between the start of the experiment and sampling I, the AWCD was reduced at
sampling I (Low1M-I). Similarly, the AWCD was reduced after 2 months of the experiment at sampling
III (Low2M-III), indicating that even two weeks of drought are sufficient to reduce microbial diversity
and the pattern of C substrate utilisation (Figure 2). At low stress, only amino acids and carbohydrates
(sampling I) or carbohydrates (sampling III) were intensively used.

Medium water stress (Med) led to a reduction in the AWCD and the Shannon diversity index
after 1 month of drought (Med1M-I). The use of carbohydrates and polymers remained at high levels,
while amino acids were hardly utilised. Another period of drought, following a single irrigation event,
again resulted in low average C use and low or medium use across all C substrate groups. Rewetting
the soil recovered the functional diversity; however, the bacteria were no longer fully capable of using
carbohydrates and polymers.
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Ctrl, Low, Med, High—optimal moisture and low, medium and high water stress, respectively; 1M,
2M—month of the experiment; I, III, IV—sampling time.

The 2 months of drought strongly inhibited bacterial functions (High2M-III) (Figure 2). Although
bacteria were still able to degrade carbohydrates and polymers, utilisation of any other groups of C
sources was greatly reduced. In general, the use of carboxylic and acetic acids was most inhibited.
The rewetting that caused temporary semi-anaerobic conditions resulted in a shift in the capability
to partly degrade C into amines and amides, especially amino acids (mostly L-asparagine), and
carbohydrates (mostly D-mannitol, N-Acetyl-d-glucosamine and α-d-lactose) (Figure 3). Interestingly,
a 2 month drought (High2M-III) did not fully inhibit polymer degradation, represented here by the
relatively complex C sources such as α-cyclodextrin, glycogen, Tween 40 and Tween 80 (Figures 2
and 3). Saturation of soil with water (High2M-IV) strongly inhibited the capacity of microorganisms to
degrade these compounds.

Based on PCA analysis, the tested stress levels and sampling times were mutually positioned
considering the similarity of patterns of C substrates utilisation. Besides various C substrates,
the Shannon diversity index was used for this analysis. The total variance explained by Axis 1 and
Axis 2 was 89.8% (70.6 and 19.2%, respectively) (Figure 4). The PCA procedure revealed a relative
similarity of the affinity to C substrates between control soils and rewetted soils under Low or Med
stress at sampling IV (Low2M-IV and Med2M-IV). There were also significantly different patterns of C
substrates utilisation in soils collected after droughts of various length at samplings I and III, located at
the opposite side of Figure 4. High2M-IV (soil collected after rewetting the soil previously subjected
to 2 months of drought) was different from all other variants, which was driven mostly by a shift in
capability to degrade amino acids and polymers.
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3.4. Impact of Water Stress on Genetic Diversity of Bacteria

The bacterial communities of the soil samples were dominated by six phyla: Actinobacteria,
Bacteroidetes, Firmicutes, Planctomycetes, Protecobacteria and Verrucomicrobia, accounting for >95%
of the total abundance (Figure 5). Under optimal soil moisture, Actinobacteria and Proteobacteria
were represented by relatively equal percentages of the bacterial communities, with some fluctuations
throughout the experiment. Bacteroidetes abundance slightly increased, while Firmicutes abundance
slightly decreased at a moisture level of 60% of FWHC, while abundance of Verrucomicrobia fluctuated.
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Figure 5. Most abundant phyla in loamy soil as a result of water stress. Ctrl, Low, Med, High—optimal
moisture and low, medium and high water stress, respectively; I, III, IV—sampling time.

Actinobacteria decompose organic matter in soil, such as chitin and cellulose, contributing to N
cycling; they proliferate under aerobic conditions [44]. In our study, Actinobacteria were most prevalent
in soils at all drought stress levels. At High stress, the relative abundance of Actinobacteria was similar
after 1 and 2 months of drought and then slightly declined after soil rewetting. Bacteria belonging to
the phylum Proteobacteria have been identified as copiotrophs [45]. The longer the drought period,
the lower the relative abundance of Proteobacteria in our experiment. Proteobacteria declined between
30 and 60 days of drought, being substituted by Firmicutes. In Van Horn’s et al. study [46], Firmicutes
were dominant at high-salinity sites and increased in abundance with increasing moisture levels in
soils of ice-free polar desert, proving their resistance to harsh conditions and relatively fast recovery.
The high prevalence of this phyla in soil might be indicative of adaptation processes of the bacterial
community to drought as Veach et al. [47] reported a higher abundance of Firmicutes under drought
stress in soils that have previously been exposed to drought. Their data indicate that soils with a
weaker drought history exhibit higher water-stress mortality. In our study, the 2 months of drought
resulted in a decrease in water content to <5% of soil, but intensive watering recovered the percentage
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of Proteobacteria in soil to the level observed after 30 days of drought (High stress - sampling time I).
Zeng et al. [48] found that Actinobacteria and Proteobacteria were significantly correlated with soil
moisture in soils of the Loess Plateau, China.

Verrucomicrobia were particularly sensitive to water deficit—they contributed up to 5% of the
total abundance in Ctrl soil, and dropped to <0.5% of the communities, in all drought treatments,
regardless of the drought length (Figure 5). According to Bergmann et al. [49], the relative abundance
of Verrucomicrobia was highest in grasslands and in subsurface soil horizons in samples collected
across relatively undisturbed sites across North America, South America, Europe and Antarctica.
The authors suggested that Verrucomicrobia occupy different ecological niches, but the environmental
factors regulating their abundance were not sufficiently recognised.

Gaiella, Nocardioides and Sphingomonas were the most abundant genera in soil. However,
their abundance varied and showed different patterns, depending on soil moisture fluctuations.
At High water stress, Gaiella constituted more than 10% of the total microbial abundance, after 1 and
2 months of drought. Interestingly, Gaiella considerably declined after soil rewetting, when the soil
water content shifted from 2 to 35% (Figure 6). Gaiella belongs to the phylum Actinobacteria and is
involved in the N cycle [39].
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moisture and low, medium and high water stress, respectively; I, III, IV—sampling time.

Nocardioides remained at a relatively similar level regardless of the soil moisture. This phylum
is known for its salt tolerance and the release of phosphatases [50]. The relative abundance of
Sphingomonas increased after soil rewetting at each stress level. Members of the genus Sphingomonas are
Gram-negative, strictly aerobic, chemoheterotrophic and do not form spores [51], indicating that they
are not highly resistant to drought. Sphingomonas has the capacity to decompose persistent organic
contaminants [52] and fix atmospheric nitrogen [53].

The abundance of Kribella was highest at High stress. This genus belongs to the family
Nocardioidaceae and was first described by Park et al. [54]. It has been isolated from soil under
an arid climate [55].
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3.5. Soil pH Change Under Water Stress

The pH values of the loamy soil fluctuated during the experiment at optimal moisture. The pH
was more stable in soils subjected to various levels of stress, but in general, it was lower than that in
the Ctrl at sampling times I and III, which were concurrent with the end of each drought (Table 4).
Zhang et al. [56] observed a strong soil pH decline as a result of drought, which, by consequence,
alter biological processes of nutrient cycling. The observed drought-induced pH drop might have been
partly responsible for inducing acid phosphatase activity in sampling III and IV (Table 3).

Table 4. Soil pH as dependent on water stress and sampling time.

Stress Level
Soil pH

I 1 II III IV

Loamy soil
Ctrl 7.20 a2 6.57 ab 6.63 a 6.97 a

Low 6.60 b 6.53 ab 6.40 ab 6.63 b

Med 6.43 bc 6.63 a 6.27 b 6.60 b

High 6.37 c 6.47 c 6.40 ab 6.53 b

Sandy soil
Ctrl 6.87 a 7.03 a 6.77 a 6.70 c

Low 6.70 ab 6.87 b 6.60 b 6.73 bc

Med 6.60 b 7.07 a 6.47 c 6.90 ab

High 6.57 b 6.83 b 6.43 c 6.93 a

Sandy soil amended with compost
Ctrl 6.87a 7.03a 6.97a 6.93b

Low 6.60b 6.80b 6.60b 6.90b

Med 6.53 b 7.03 a 6.63 b 7.00 a

High 6.57 b 6.73 b 6.67 b 7.10 a

1 Sampling time, 2 Means marked with the same letter did not differ significantly across the stress level within soil
(p < 0.05, n = 3) according to the Tukey test.

The pH values of the sandy soil varied, and the highest pH values both with and without compost
amendment were recorded for soil maintained at optimal moisture for both sampling times at the
end of the drought periods (I and III). After soil watering (samplings II and IV), these differences
in pH between stress levels were not considerable. Furthermore, in general, the pH increased after
soil watering, except for the Ctrl. In both soils, the drought periods led to the pH decrease, whereas
watering resulted in a significant pH increase (Table 4).

4. Conclusions

The soil water regime strongly modified the activities of dehydrogenases and acid and alkaline
phosphatase, as well as the bacterial diversity. Individual parameters showed different sensitivities
to drought periods, and only some parameters and functional groups of bacteria recovered shortly
after soil rewetting. Soil richer with colloidal clay exhibited greater resistance to the inhibition of soil
enzymatic activity at soil water deficit. In sandy soil, even a drought period of 2 weeks resulted in
drastic soil enzyme inhibition. After rewetting, following both a 1 month and a 2 month drought, soil
enzyme activity and nitrification intensity largely recovered in soil with a loamy texture. Drought
strongly affected soil nitrogen cycling by inhibiting nitrification. The longer the drought period, the
greater the contents of both ammonia-N and nitrate-N, indicating a strong disturbance of N cycling
due to the inhibition of certain microbial groups. On the other hand, intensive rewetting after 1 or
2 months of drought resulted in significant ammonia depletion, especially in loamy soil, likely due to
gaseous losses of N.

Drought induced substantial shifts both in the intensity of soil C transformation and the functional
diversity of bacterial communities in loamy soil. The use of some C substrates, for example, carboxylic
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and acetic acids, was strongly inhibited by water deficit. Interestingly, drought induced some changes
in the relative abundances of particular phyla, for example, an increase in Acidobacteria or a decrease
in Verrucomicrobia; however, these do not seem to be that dramatic as those in functional diversity,
at least at the phylum level.

We also show the important role of exogenous organic matter in protecting microbial activity
in drought periods. The addition of exogenous organic matter to the soil significantly alleviated the
inhibition of the activity of microorganisms in drought periods. Similar to soil enzymes, resilience of
nitrification was greater in loamy soil and after compost addition.

Further research is necessary to attribute shifts in particular microbially driven soil processes to
the observed changes in functional and genetic diversity under water stress. Such information could
be used to connect functional changes in bacterial communities with the diversity shifts resulting from
drought conditions.
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