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Abstract
Piliostigma reticulatum is a native woody shrub found in cropped fields in the
Sahel and has been shown to increase crop productivity and soil quality. Frequently occurring drying and rewetting cycles (DRW) may alter the soil quality beneath these shrubs. We investigated the effect of DRW cycles on microbial community in soil beneath and outside the P. reticulatum canopy and the
roles of this shrub in the adaptation of the microbial community to abiotic
stress. Soils were incubated in a climate controlled chamber for 45 days, after
exposure to 10 consecutive days of DRW cycles at 75% of water holding capacity (WHC). Basal respiration, β-glucosidase activity, microbial biomass
carbon (MBC), and available nitrogen ( NH +4 ; NO3− ) were measured at 2, 30,
and 45 days after soil exposed to the DRW cycles. MBC increased significantly
two days after the DRW cycles and was greater for soil beneath the shrub canopy compared with soil outside the shrub canopy. PCA analysis based on
basal respiration, microbial biomass carbon, available nitrogen, and
β-Glucosidase activity resulted in a tight clustering in the beneath shrub soil
samples. Soils incubated for more than 30 days after DRW cycles had higher
available nitrogen content than soils incubated for less than 30 days. Soil from
beneath the shrub canopy significantly improved soil resilience based on
β-glucosidase activity. Soil from beneath the shrub canopy also had higher
nutrient levels and greater microbial activity even when subjected to DRW
cycles, potentially improving the ability of crops to withstand in-season
drought when they are adjacent to shrubs. The work should bring our scien-
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tific community into a more comprehensive assessment of potential effects of
a crop-shrub intercropping that may allow for increased crop yields in
semi-arid ecosystems under drought conditions.
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Sub-Saharan Africa, Shrub-Based Cropping System, Climate Change,
Wetting and Drying Cycles, Climate Chamber Experiment

1. Introduction
In Sub-Saharan Africa, perennial woody shrubs have been shown to significantly
influence soil microbial communities in cropped fields of the semi-arid Sahel [1]
[2] [3]. A regional meta-analysis reporting the effects of shrub presence in African agricultural fields found an overall positive effect on total soil carbon (i.e.
+20% to 75%), higher millet and sorghum yields (+25 to +120%), and higher or
equal cereal yields when cropped with shrub-based ramial wood (+30 to +100%)
[4]. Recent research has found that the shrub Piliostigma reticulatum, commonly found in Senegal and other parts of Sub-Saharan Africa, significantly promotes crop growth and improves soil quality [5] [6] [7].
In cropped fields, these shrub species are ecologically similar to woody species
in unmanaged semi-arid environments where they are known to create “islands
of fertility” through increased litter inputs and root activity/turnover [8]. This
effect is now more broadly termed “resource islands” because of the array of
beneficial services they provide, including improved water distribution [9], nutrient abundance and availability, microbial habitat, and micro-environmental
properties (temperature, humidity) [3] [6] [10]. Furthermore, P. reticulatum is
known to perform hydraulic lift [9] which improves soil moisture by moving
water from areas of high water potential in the wet sub soil to areas of low water
potential at the surface. Previous work has shown that soil around the shrubs
maintains microbial diversity and activity; and drives nutrient mineralization
and decomposition through the long dry season [2] [10] [11]. Interactions between native shrubs and soil biota improve plant growth and soil microbial activity through increased water and nutrient availability [9] [12] [13]. These interactions are necessary for primary production of associated crops and for maintaining the long-term functioning in these semi-arid agroecosystems [14]. Soil
microbial communities contribute to the stability of these important agroecosystems as key drivers in sustainable crop production [15].
The resistance and resilience of this telluric microbial community may be
controlled by multiple soil properties such as microbial biomass, microbial
community diversity, pH, nutrient availability, soil organic matter, and soil texture [16] [17]. However, this resistance and resilience can be measured by the
response to irregular and extreme water stresses on soil microorganisms [18]
[19] [20] by imposing drying/rewetting (DRW) cycling events [21]. This soil
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moisture fluctuation and elevation of temperature will increase with climate
change in the Sahel and is of particular concern when this stress event occurs
during the growing season [22]. Soils that have conditioned microbial communities could more rapidly respond to perform soil ecosystem services to assist
crops through in-season drought. Abrupt changes in water potential leads to either microbial death or microbial survival by quick release of accumulated solutes [23].
To our knowledge, there is very little information on the legacy effects of
shrubs impact on microbial responses to DRW disturbances, particularly, in
Sub-Saharan Africa. This research builds on Bright [5] and Diakhate [1] findings, which suggest that long-term shrub management can buffer against impacts of climate change and that the soil microbial communities can adapt to
water stress. To determine the potential of a long-term shrub presence in buffering impacts of severe disturbance on soil microbial activity, a laboratory experiment was conducted under various temperature and humidity regimes. The
objective was to investigate the resistance and resilience of microbial communities to DRW cycling stress by measuring microbial biomass and activity (enzymatic and respiration) response on soils within and outside the influence of
shrubs.

2. Material and Methods
2.1. Site Description and Soil Sampling
The sampling site was located at Keur Ndary Ndiaye near Nioro (Southern region of the Senegalese Peanut Basin). The climate is semi-arid with an annual
precipitation of 600 - 800 mm rainfall per year distributed from July to September, and a mean annual temperature ranging from 20˚C in December-January to
35.7˚C in April-June [24]. The soil is a fine-sandy, mixed Haplic Ferric Lixisol,
locally called Deck-Dior [24]. The dominant native shrub species at the site is

Piliostigma reticulatum (DC.) Hochst (Caesalpinioideae), with a stand of about
185 shrubs per hectare [25]. The soil was sampled both beneath the root system
of the shrub and outside of the shrub influence (~10 m) at a 0 - 10 cm depth.
The soils were sieved to 2 mm to be used for experiment.

2.2. Experimental Design
We set up a microcosm-based incubation experiment in a climatic chamber
(model KBWF 240, Binder GmbH). Both topsoil samples collected beneath and
outside of the shrub influence were placed in microcosms (100 g per pot) and
wetted to 75% of field capacity. The relative humidity in the chamber was maintained at 65% ± 5% throughout the experiment. All microcosms with soil were
pre-incubated at 28˚C in the dark for 2 weeks in order to standardize initial conditions and reactivate the soil microbial communities [26]. After pre-incubation
three replicates were sampled, corresponding to the control, at day zero.
Soils samples were separated in two series: 1) 24 microcosms were maintained
DOI: 10.4236/ojss.2019.912018
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at 28˚C and 75% field capacity during the entirety of the experiment serving as
control treatment, and 2) 24 microcosms were subjected to repeated DRW cycles
as DRW treatment. Ten DRW cycles were implemented during the experimental
period of 70 days. Each cycle contained two periods lasting 24 hours: 10 hours of
drying at 55˚C, followed by 14 hours of incubation at 28˚C after rewetting. At
the end of the ten DRW cycles, the soil moisture was held constant at 75% field
capacity and at 28˚C for an additional 45-day period with weekly adjustments of
soil water content. To determine the effect of DRW cycles on microbial communities, six replicates (three replicates for the DRW treatment and three replicates for the control treatment) were destructively sampled at 2, 30 and 45 days
after the end of the DRW cycles for soil analyses.

2.3. Soil Analyses
Microbial biomass C, N mineral , basal respiration, and β-glucosidase activity
were performed on

days 0, 2, 30 and 45 from control

treatment (composed

of microcosms that were maintained at 28˚C and 75% field capacity during the
entirety of the experiment) and the DRW treatment (subjected to the DRW
cycles).
2.3.1. Microbial Biomass
Microbial biomass of carbon was determined according to the fumigation extraction method described by Amato and Ladd [27] with three replicates per soil
sample (including an additional three serving as controls). Soils were fumigated
with chloroform vapors to lyse the microbial cells and extracted with 2M KCl
after 10 days. Measurements of ninhydrin-reactive N released and extracted
from the fumigated and non-fumigated soils provide a useful assay of biomass
N. The carbon was calculated from the chloroform labile C which was multiplied
by a factor of 21 to estimate microbial biomass C.
2.3.2. N Mineral
Available N ( NH 4+ + NO3− ) content was determined colorimetrically in KCl 1
M extracts by flow injection analysis according to Bremner methods [28].
2.3.3. Basal Respiration
Basal respiration was estimated by quantifying CO2 evolution from soils. A 30 g
aliquot of each soil sample was filled in 50 ml glass jars and sealed with air-tight
lids equipped with rubber septa to allow gas sampling of the headspace. CO2
concentrations in the headspace were measured at each sampling date using a
micro chromatograph (Varian, Inc.) and expressed as µg∙C-CO2∙g∙soil−1∙h−1. We
then calculated the metabolic quotient (qCO2) as the ratio between the basal respiration and microbial biomass carbon.
2.3.4. β-Glucosidase Enzyme Activity
β-Glucosidase activity was determined according to a method adapted from
Hayano [29]. β-glucosidase activity was selected since it detects changes in soil
DOI: 10.4236/ojss.2019.912018
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management within relatively short time periods (1 - 3 years) and is relatively
stable within season [30] [31]. Briefly, for each sample, 100 mg of soil was incubated for 2 h at 37˚C, with 100 μl of para-nitrophenyl β D-Glucopyranoside (5
mM; Sigma), and 400 μl of a citrate phosphate buffer [32] at pH 5.8. After the
incubation, the reaction was stopped with 3 ml of 0.2% Na2CO3 (w/v). Para-Nitrophenol (PNP) was released as the product of the enzymatic reaction,
measured at λ = 400 nm using a spectrophotometer and results were expressed
as μg∙PNP∙g−1∙soil∙h−1.

2.4. Statistical Analysis
A one-way ANOVA was used to determine whether differences existed between
treatments (beneath and outside the shrub canopy) at the different days measured using XLSTATSoftware. Statistical tests were performed to highlight the
effects of disturbance on the soil respiration, total microbial biomass, and enzymatic activities. A Fisher (LSD) test was used to compare means (P < 0.05). Multivariate analysis using Principal Components Analysis (PCA) was performed
with the combination of all data using the PC-ORD software (MjM Software Design, Gleneden Beach, OR) [33].

3. Results
3.1. Effects of DRW on Soil Available N
Available nitrogen was significantly higher 30 days after DWR cycles in both
soils, beneath and outside of the shrub’s influence (Figure 1; P < 0.05). Forty
Five (45) days after DRW cycles, no differences were observed in available N
content in the beneath shrub treatments however soils collected outside of the
shrub still showed significant differences in response to DRW cycles (P < 0.05).

3.2. Effects of DRW on Basal Respiration
There was a significant effect of DRW cycles on basal respiration (Figure 2; P <
0.05). Basal respiration was consistently lower in stressed soils compared to the
control
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Figure 1. Effect of the DRW cycles on available N from soil collected beneath and outside
of shrub influence (n = 4). Error bars represent one standard deviation. Letters denote
significant differences among treatment means (Fisher’s test, P < 0.05).
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Figure 2. Effect of DRW cycles on basal respiration from soil collected beneath and outside of shrub influence (n = 4). Error bars represent one standard deviation. Letters denote significant differences among treatment means (Fisher’s test, P < 0.05).

control over time. No change was found 2 and 30 days after disturbance, however 45 days after DRW cycles basal respiration was more than 3 times higher in
control soils than in stressed soils (Figure 2).

3.3. Effects of DRW on Soil Microbial Biomass Carbon
Soil microbial biomass carbon was significantly affected 2 days after DRW cycles
(Figure 3; P < 0.05). Microbial biomass carbon was greater in stressed soils than
control soils regardless of the sampling location (beneath shrub or outside of
shrub influence). The highest value of microbial biomass carbon in this study
was recorded in the stressed soil 2 days after DRW cycles (56.33
µg∙PNP∙g−1∙sol∙h−1) and significantly decreased 30 and 45 days after disturbance
in both the beneath shrub and outside of shrub soil treatments.

3.4. Effects of DRW on the Metabolic Quotient
Despite significant differences in basal respiration and microbial biomass carbon, the metabolic quotient (qCO2) was neither affected by shrub influence nor
by DRW cycles (Figure 4; P > 0.05). However, we did find an increase in the
metabolic quotient in the control soil collected from outside the shrub at day 45
(P < 0.05).

3.5. Effects of DRW on β-Glucosidase Activity
Enzyme activity was greater over time in the beneath shrub treatment compared
to the outside of shrub treatment (Figure 5). DRW cycles significantly decreased

β-Glucosidase activity (P < 0.0001) in both beneath and outside of shrub soils. In
the beneath shrub soils, β-glucosidase activity decreased significantly from day 0
to day 2, but did not change between day 2 and day 30. In the outside of shrub
soils there was a significant difference in β-Glucosidase activity between day 0
and days 2 and 30 (P < 0.0001), but no change was observed between day 30 and
day 45.
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4. Discussion
4.1. Microbial Response to DRW Cycles
This study compared the response of soil microbial communities subjected to
DRW cycles on soils collected from beneath and outside of shrub canopies in the
DOI: 10.4236/ojss.2019.912018
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Sahel. The microbial parameters (β-Glucosidase and basal respiration) were different between soil collected beneath and outside the influence of shrubs. PCA
analysis showed that available nitrogen was related to the response of soil microbial activities under DRW cycles over time in both soil treatments (Figure
6(a)). Overall, soils collected from beneath the shrub responded negatively to the
disturbance from the DRW cycles, except for available nitrogen. Similar observations were previously reported a negative correlation between imposed water
stress and basal respiration [1]. The decreased rates of basal respiration were
more noticeable in soils collected outside the shrub canopy, supporting the concept that these shrubs act as “resource islands” [12] and buffer against soil disturbance [1] [5]. It is also possible that increased organic matter availability in
the soils beneath the shrub canopy influenced respiration upon rewetting [34].
Despite strong differences in basal respiration rates, our results demonstrate
that qCO2 was not an important indicator of DRW cycles in this study. This may
be related to the fact that communities inhabiting tropical sandy soils are frequently exposed to drought conditions in their natural environment and are already adapted to this type of stress, suggesting that this ecophysiological indicator was not sensitive to this type of disturbance. This could be due to the way
qCO2 is calculated which is essentially the respiration rate to biomass ratio. So in
two treatment comparison, even if one has lower respiration but at the same
time biomass goes down proportionately, the qCO2 stays the same as the other
treatment even though there were significant effects on respiration and biomass.
Microbial biomass was strongly influenced by the DRW cycles in this study,
with soil microbial biomass increasing in stressed soils immediately following
disturbance and decreasing over time. These results are supported by previous
studies showing microbial biomass increasing after rewetting dry soils [35] [36].
Fierer and Schimel [35] inferred that rapid microbial growth from an increase in
organic matter availability and the subsequent persistence of a semi-dormant
state contributed to the increase of microbial biomass after DRW cycle, while
Zhang [36] attributed this increase to the adjustment of the soil microbial community. In days 30 and 45 following DWR, microbial biomass dropped significantly and reached the same level before DRW cycles, suggesting a resiliency of
the microbial communities in soils from beneath the shrub canopies (Figure 3).
Soil enzyme activities had similar treatment effects to what is described above.
Soil enzyme activities are attractive as soil quality indicators because they are
sensitive to soil management and relatively simple and cost effective [31]. Not
surprisingly, this study found that year-round shrub management resulted in
greater β-glucosidase activity compared to soil collected from outside the shrub
area, except for the soils incubated for 45 days (Figure 5), which is consistent
with previous studies [1] [10] [11]. However, decreases in β-glucosidase activity
after DRW cycles, followed by a subsequent increase back to baseline levels, further suggests greater resiliency of the soil microbial communities collected from
beneath the shrub canopy. These findings are in agreement with previous
DOI: 10.4236/ojss.2019.912018
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Figure 6. Ordination plot of Principal Component Analysis generated for chemical and
microbiological soil parameters. (a) Beneath shrub (BS) soils with and without DRC
(Drying and Rewetting Cycles) for each sampling date (0, 2, 30 and 45 day after DRC),
showing a clear discrimination between treatments. (b) Outside of shrub (OS) soils with
and without DRW cycles for each sampling date (0, 2, 30 and 45 day after DRC), showing
a less clear discrimination among the different treatments.

observations that microbial activities are able to completely recover after transient stress [37].

4.2. Shrub Effects on Microbial Activities under DRW Effects
The analyses revealed that soils collected from beneath the shrub had less differences in their microbial and biochemical parameters than soils collected outside the shrub area when subjected to DRW cycles (Figure 6). There is now considerable evidence that the shrub P. reticulatum increases water availability by
performing hydraulic redistribution [13], has higher levels of microbial activity
and diversity [1] [2] [10], and suppresses plant parasitic nematodes [24] [38].
Drying and rewetting cycles led to an increase in soil microbial biomass and
β-glucosidase activity after 2 days of incubation. After 30 days of incubation,
DOI: 10.4236/ojss.2019.912018
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there were positive relationships between microbial properties and available N
(Figure 6).
The mechanisms for the positive impact of P. reticulatum in soils on microbial
responses to DRW may be due to improved microclimatic conditions, increased
nutrient mineralization rate, and increased organic matter, nutrients, and fine
soil particles under its canopy [12]. Conversely, a high level of functional redundancy within the soil microbial community may buffer against the adverse
effect of DRW [15]. The role of microbial diversity in soil resilience is not simply
linked to the absolute number of species present but is related to the functional
traits of those species [15]. Interaction between these species significantly increases both resistance and resilience against disturbance because it acts to buffer against extinctions [39]. The findings of the present study support the hypothesis of the role of perennial shrubs as “resource islands” and moderators of
abiotic perturbation (e.g., as a source of water and soil nutrients) that affect microbial activity of soils.

4.3. Study Limitations and Considerations for Future Work
Although we investigated the effects of drying and rewetting disturbance on soil
chemical and microbiological parameters in a semi-arid soil affected by a
long-term shrub management system, this study was limited by several uncertainties. The magnitude of DRW cycles and the duration of the experiment
could be extended to learn more about the disturbance effect. Future research
should attempt to increase the effects of intensity and duration of DRW events
on the stability of microbial communities under P. reticulatum management.
Given the fact that microbial communities under large shrubs have higher species richness, greater biomass, and more perennial species than communities
under small shrubs, it could prove helpful to establish the link between changes
in how resistance and resilience in soil microbial communities can be impacted
by shrub age. Furthermore, detailed studies are needed to directly link hydraulic
redistribution of water by shrubs with support of microorganisms in the shrub
root zone under DRW stress in the field.

5. Conclusions
This study contributes to the understanding of shrub management legacies and
its positive effect on soil microbial stability. Our results showed strong variation
in soil available nitrogen content and microbial activity in response to DRW
cycles. Microbial biomass carbon and β-glucosidase activity generally increased
after DRW cycles in soils collected under shrub canopies while basal soil respiration rates decreased with DRW cycles irrespective of the soil sampling locations
and time of incubation. The levels of microbial biomass carbon, basal respiration, and enzyme activities were more strongly influenced by the DRW cycles
than shrub management. Nonetheless, our findings suggest that shrub influence
in a semi-arid zone is a major driver controlling microbial responses and does
DOI: 10.4236/ojss.2019.912018
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reduce microbial stress to DRW. This study contributes to the understanding of
factors influencing soil microbial activities over time under shrub management
when they are affected by extreme climate events.
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