
Bacterial communities in soil become sensitive to drought under
intensive grazing

Stephanie D. Jurburg a,b,⁎, Tiago Natal-da-Luz c, João Raimundo c, Paula V. Morais d, José Paulo Sousa c,
Jan Dirk van Elsas b, Joana Falcao Salles b

a Microbial Ecology group, Genomics Research in Ecology and Evolution in Nature (GREEN), Groningen Institute for Evolutionary Life Sciences (GELIFES), University of Groningen, Groningen,
Netherlands
b Department of Infection Biology, Wageningen Bioveterinary Research Institute, Wageningen University and Research, Lelystad, Netherlands
c Centre for Functional Ecology, Department of Life Sciences, University of Coimbra, Portugal
d CEMUC- Mining & raw materials group, Department of Life Sciences, University of Coimbra, Portugal

H I G H L I G H T S

• We monitored intensively and sustain-
ably managed soils to month-long
drought and flood events.

• Bacterial communities in sustainably
managed soils contained less rapidly-
growing taxa.

• Only intensively-managed soilswere af-
fected by drought.

• Opportunism and stress-tolerance are
key traits shaping the bacterial commu-
nity during recovery.

• The response of several taxa to precipi-
tation depended on land management.
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Increasing climatic and anthropogenic pressures on soil ecosystems are expected to create a global patchwork of dis-
turbance scenarios. Some regionswill be strongly impacted by climate change, others by agricultural intensification,
and others by both. Soil microbial communities are integral components of terrestrial ecosystems, but their re-
sponses to multiple perturbations are poorly understood. Here, we exposed soils from sustainably- or intensively-
managed grasslands in an agro-silvo-pastoral oakwoodland tomonth-long intensifieddrought andflood simulation
treatments in a controlledmesocosm setting.Wemonitored the response of the bacterial communities at the end of
onemonth aswell as during the followingmonth of recovery. The communities in sustainably-managed plots under
all precipitation regimes were richer and more diverse than those in intensively-managed plots, and contained a
lower proportion of rapidly-growing taxa. Soils from both land managements exhibited changes in bacterial com-
munity composition in response to flooding, but only intensively-managed soils were affected by drought. The ecol-
ogies of bacteria favored by both drought and flood point to both opportunism and stress tolerance as key traits
shaping the community following disturbance. Finally, the response of several taxa (i.e. Chloracidobacteria RB41,
Janthinobacterium sp.) to precipitation depended on landmanagement, suggesting that the community itself affect-
ed individual disturbance responses. Our findings provide an in-depth view of the complexity of soil bacterial com-
munity responses to climatic and anthropogenic pressures in time, and highlight the potential of these stressors to
have multiplicative effects on the soil biota.
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1. Introduction

The increased frequency and severity of soil flood and drought
events predicted from climate change (Donat et al., 2016) and growing
anthropogenic pressures (i.e., agricultural intensification and pollution)
are expected to create a patchwork of distribution of environmental
changes. The manner in which these stressors affect local communities
adds further complexity to the effects of climate change. In soil, bacterial
communities are key regulators of nutrient cycles, with the potential to
alter global carbon, nitrogen and greenhouse gas budgets (Jeffery et al.,
2010). However, the effects of these combined stressors on soil bacterial
communities are poorly understood (de Vries and Shade, 2014).

A wide range of studies on the disturbance-responses of bacterial
communities generally finds that community functions may be main-
tained despite disturbance, likely due to the large numbers of bacteria
performing the same functions in the extremely diverse soil microbial
community. Bacterial community structure measured at the phyloge-
netic level is more vulnerable, however (Allison and Martiny, 2008).
At both phylogenetic and functional levels, disturbance responses can
bemeasured in terms of resistance, or the degree towhich a community
withstands change in the face of disturbance (Shade et al., 2012) and re-
silience, the process of reorganization towards the initial state following
a disturbance (Hodgson et al., 2015). Importantly, the response of a
given bacterial community to disturbance is highly dependent on the
type of disturbance, the presence organisms capable of withstanding
the disturbance (resistant), as well as on the recovery time (Jurburg et
al., 2017a).

Here, we studied the responses of soil bacterial communities under-
lying sustainably- and intensively-managed Mediterranean agro-silvo-
pastoral oak woodlands to month-long flood and drought simulations.
Bacterial communities in soils under intensive agriculturalmanagement
often exhibit different community structures and higher biomass than
those under sustainable management (Bissett et al., 2011; Garbeva et
al., 2003;Montecchia et al., 2011). These changesmight also lead to a re-
duction in functional potential, given that bacterial communities under-
lying a harvested forest exhibited a significant, 16% decrease, in biomass
decomposition genes even 12 years after harvesting as measured by
metagenomics (Cardenas et al., 2015). Here, intensively-managed soil
plots were subjected to regular grazing by sheep, as well as agrochem-
ical inputs to improve yield. It is estimated that 60% of the world's agri-
cultural lands are used for grazing (Houghton, 1994), and previous
studies have shown that intensive grazing affects the soil bacterial com-
munity structure (Ingram et al., 2008; Roux et al., 2008; Klumpp et al.,
2009). Sustainably-managed plots were exposed to minimal human in-
terference: grazing was limited to natural fauna, soils received no agro-
chemical inputs, and endemic vegetation grew freely for over two
decades (Table S1 and Fig. S1).

In addition to soil managing strategies, floods and droughts also
strain the local bacterial communities by creating physiological chal-
lenges, includingmaintaining osmotic balance and avoiding desiccation
(Schimel et al., 2007). At a community level, the potential for altered
precipitation patterns to modify soil bacterial community structure
has been previously explored (Singh et al., 2010; Wallenstein and
Hall, 2012). For example, drying and rewetting may result in long-
term changes to bacterial community structure (Fierer et al., 2003;
Pesaro et al., 2004). Furthermore, bacterial communities pre-exposed
to climate-related perturbations (i.e. changes in precipitation and tem-
perature) were shown to be more resistant to similar stresses in the fu-
ture than those that did not experience such perturbations (Bérard et
al., 2012; Evans andWallenstein, 2012). In contrast, fungal communities
were less affected (Barnard et al., 2013).

The combination of the aforementioned stressors may have multi-
plicative consequences for soil ecosystems (Paine et al., 1998), and the
frequency with which these co-occur is likely to increase (Smith et al.,
2016; Donat et al., 2016). However, the response of soil bacterial com-
munities to combinations of stressors is still a significant gap in our

knowledge (de Vries and Shade, 2014). A multiplicative effect has
been found when stressors present different physiological challenges
(Müller et al., 2002; Tobor-Kaplon et al., 2005). For example, studies ex-
amining the response of microbiomes in heavy metal-contaminated
soils to transient heat stress found that the combination of both distur-
bances results in decreased substrate utilization capacity relative to con-
trols as well as alterations in community structures, as evaluated by
PCR-DGGE (Kuan et al., 2006). In one case, the bacterial community
(as evaluated by PCR-DGGE) in an organo-mineral pasture soil exhibit-
ed less changes in response to benzene amendment than amineral ara-
ble soil (Girvan et al., 2005). This multiplicative effect may result from
the reduction in diversity caused by the initial perturbation, which
would result in a reduced number of bacterial populations capable of
responding to the second disturbance (Vinebrooke et al., 2004;
Jurburg et al., 2017b).

Changes in landmanagement present long-term environmental fac-
tors that require the soil community to adapt to new conditions, while
flood and drought are transient, allowing the system to return to its
pre-disturbance state (Shade et al., 2012). Their combined effect is com-
plex. For example, altered vegetation affects the underlyingmicrobiota's
response to drought (de Vries et al., 2012), and soils without agrochem-
ical inputs are better able to retain nutrients during drying-rewetting
events than thosewith fertilizer (Gordon et al., 2008).We hypothesized
that sustainably-managed soils would contain more diverse bacterial
communities than intensively-managed soils, and that such diverse
communities would be more resistant to the precipitation treatments
due to a greater level of functional overlap between taxa. Prior exposure
to a disturbancemay increase a bacterial community's resilience to fur-
ther exposure, particularly in the case of changes in precipitation (Fierer
et al., 2003; Evans andWallenstein, 2012; Ho et al., 2016).We expected
that the intensively-managed, grazed soils would recover from the
treatments more rapidly than their sustainably-managed counterparts,
as they are regularly exposed to more extreme environmental fluctua-
tions due to a diminished vegetation cover and higher frequency of
compaction. We also expected the flood treatment to elicit a more se-
vere response than the drought treatment, as the Mediterranean grass-
land studied experiences yearly droughts, and its microbiomes should
be more adapted to drought regardless of land management.

We thus applied intensified precipitation regimes by selecting pre-
cipitationmaxima andminima from the last two decades of local (Med-
iterranean) precipitation data, creating soil moisture conditions that
were incrementally stronger than those in previous years. We thus
avoided exposing the soil bacterial communities to completely novel
ecological challenges, which may elicit more drastic responses
(Hawkes and Keitt, 2015). In fact, the gradual intensification of precipi-
tation regimes across the globe is expected to promote gradual commu-
nity adaptation in the long term (Wallenstein and Hall, 2012). We
exposed intact field-collected soil cores from intensively- and sustain-
ably-managed grasslands to month-long intensified drought and flood
scenarios while preserving the overlying vegetation, and studied the
bacterial communities for an additional month as they recovered.

2. Methods

2.1. Field site

Samples were taken from an agro-silvo-pastoral oak woodland
(Quercus suber and Quercus ilex) located in the Alentejo region of Portu-
gal. The area is located ~290 m above sea level and exhibits a Mediter-
ranean climate, with a mean annual precipitation of between 600 and
1000 mm. Our sampling site consisted of two contiguous plots: a sus-
tainably-managed plot (38°42′20″ N, 8°18′29″ W, pH ~ 5.9) and an ad-
jacent, intensively-managed plot (38°42′14″ N, 8°20′19″ E, pH ~ 5.6).
The sustainably-managed plot was characterized by the exclusion of
grazing by sheep, and the proliferation of endemic vegetation for
N20 years. The intensively-managed plot was exposed to regular
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