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Terrestrial systems are constantly confronted with environmental change at 
a range of scales. Periodic fluctuations in climate, gradual geologic shifts, ex-
treme climatic events, and anthropogenic pressures such as land-use change 
present challenges—or perturbations—to which such systems must respond 
and adapt. Resolving these responses and determining the ecological proper-
ties which promote the adaptability to environmental change are two topics 
which lie at the roots of ecology. Darwin already proposed that species rich-
ness bolsters long-term ecosystem stability (Darwin, 1859). This proposal gave 
rise to research on the relationship between diversity (D) and stability of the 
system (S) and the mechanisms underlying the D-S relationship. A century lat-
er, the term “resilience” was introduced in the scientific literature, but it was 
given two different definitions. In 1973, Holling distinguished between eco-
logical resili ence, defined as the amount of pressure a system can withstand 
before shifting to an alternative state and engineering resilience, defined as the 
speed of return to the original state following a perturbation (Holling, 1973). 
The former term has since then been operationalized and redefined (see Table 
1 for definitions) in many different ways (Hodgson et al., 2015), as discussed in 
the following sections. Research into the D-S relationship and the resilience of 
ecological systems has become central to ecology (Hooper et al., 2005), and is 
still active (Deng, 2012; Hodgson et al., 2015). 

In particular, the study of ecological resilience in the soil microbial sys-
tem (defined as encompassing Bacteria, Archaea and Fungi in this thesis) 
is in its infancy. While the importance of soil microbiota to function of the 
ecosystem has been recognized for over a century (Beijerinck, 1901), the im-
portance of microbial community structure is still debated (Nemergut et al., 
2014), as the high diversity and rapid turnover rates in soil are expected to 
result in a remarkably adaptive system (Finlay et al., 1997). The recent revo-
lution in high-throughput sequencing has shifted microbial ecology research 
efforts away from cultivation-based methods. As these technologies allow for 
a more complete and dynamic view of soil microbial communities, and the 
importance of microbial community structure to ecosystem functioning be-
comes clear (Bardgett & van der Putten, 2014; B. Griffiths, Bonkowski, Roy, & 
Ritz, 2001; B. Griffiths et al., 2000; Wagg, Bender, Widmer, & van der Heijden, 
2014; Wittebolle et al., 2009), the framework for understanding microbial 
community recovery is shifting from an engineering resilience perspective to 
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an ecological resilience perspective. We use the definition of ecological resil-
ience outlined by Hodgson and colleagues, who describe resilience in terms 
of resistance—the degree to which the system is impacted immediately after 
disturbance—and recovery, which captures the endogenous processes that 
bring the system to equilibrium (Hodgson et al., 2015). 

It is expected that many terrestrial ecosystems on Earth will be faced with 
increasing magnitude and frequency of disturbances as a result of climate 
change and anthropogenic pressures in the near future (Díaz et al., 2006; 
Donat et al., 2016; IPCC 2007, 2007; Millenium Ecosystem Assessment, 2005). 
It is likely that the soil microbiota will be affected. Given the crucial role of the 
soil microbiota in sustaining and regulating nutrient cycles (Philippot et al., 
2013; Rustad et al., 2011; Schimel, 1995), understanding how soil ecosystems 
recover from disturbances is now extremely relevant. 

Table 1. Definitions of key ecological concepts

Term Definition Reference

Disturbance 
an event that alters the (soil) environment and has possible repercus-
sions for the local (microbial) community, or an event that directly 
alters that community 

(Rykiel, 1985)

Resistance
the degree to which the community is altered immediately after 
disturbance; 

(Hodgson, McDonald, 
& Hosken, 2015)

Ecological resilience
The process of recovery following disturbance, described by resis-
tance and recovery

(Hodgson et al., 2015)

Engineering resilience
The rate at which a system returns to a steady state following distur-
bance

(Holling, 1973)

Microbial interactions

The dependence of one population’s growth or survival on the 
abundance of the other population. They be negative or positive (i.e., 
competition or cooperation), as well as direct or indirect (i.e., antibi-
otic warfare or competition for resources).

(Widder et al., 2016)

Disturbance legacy
Biotic and abiotic conditions created by prior environments that 
persist when the environment changes

(Hawkes and Keitt, 
2015)

Succession 
Succession, the sequence of species replacements through which 
ecosystems form and develop over time 

(Odum, 1989)

RESILIENCE OF SOIL MICROBIAL COMMUNITIES: AN EVOLVING 
CONCEPT

Soil resilience was initially proposed as a key feature of behavior of the sys-
tem under stress in 1994 (Blum, 1994). It was suggested as a key component 
of long-term soil quality soon after that (Seybold et al., 1999), but the methods 

for measuring soil resilience were not yet specified. Experimental work explic-
itly testing the effect of microbial diversity on the recovery of soil function and 
microbial community structure was reported a year later (Griffiths et al., 2000). 
The authors employed chloroform fumigations of increasing duration to create 
soils with varying microbial diversity levels, and measured functional and com-
positional parameters of the resulting communities as well as their ability to de-
compose grass material following transient (heat) and persistent perturbations 
(copper contamination, B. Griffiths et al., 2000). The results indicated a negative 
or null relationship between the tested functions (i.e. decomposition rate, mi-
crobial growth rate on added nutrients) and diversity, but a positive relation-
ship between the levels of phylogenetically-conserved functions (i.e. methane 
oxidation) and diversity. Most importantly, the authors reported a generally 
positive relationship between diversity and resistance, defined in this case as 
the degree of immediate change following the perturbation, as well as between 
diversity and resilience, defined as the time of return to pre-disturbance condi-
tions. These findings unveil some of the complexity of microbial recovery, dis-
pelling the notion that the inexhaustible diversity found in these systems and 
the rapid growth rates of their members make soil microbial systems limitlessly 
resilient (Finlay et al., 1997). If not all functions are equally redundant, might 
there be a threshold of minimum diversity below which the most uncommon 
functions start to collapse? And if these functions are important for the com-
munity itself, might this collapse trigger a feedback mechanism, affecting the 
rest of the community? A range of experiments, reviewed in Chapter 2, have 
revealed that microbial function generally tends to increase with increasing 
richness and evenness (Awasthi et al., 2014; Bell et al., 2005; Salles et al., 2012, 
2009; Wittebolle et al., 2009). 

Studies of how disturbance triggers the responses in the soil microbial 
community have been largely lacking, however. This has been due to both 
technical and conceptual limitations. The technical limitations arose, until re-
cent years, from a general lack of refined methodologies for assessing whole 
microbial communities without culturing: most of the older studies that as-
sessed soil microbial community compositions employed methods such as 
PCR-DGGE, PCR-T-RFLP and PLFA, yielding rather rough estimates of microbial 
community compositions (Hirsch et al., 2010). Identifying and monitoring in-
dividual populations over time (particularly in the highly diverse soil system) 
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was time-consuming, cost-prohibitive or impossible. However, with the ad-
vent of high-throughput sequencing and sequence analysis methods, it has 
become possible to obtain community census data comparable to the data-
sets routinely used to study macro-ecological systems (Prosser, 2015). 

The conceptual limitations stem from the continued usage of the engi-
neering resilience concept (Griffiths and Philippot, 2012), which quantifies 
resistance and resilience. Resistance has been measured by comparing 
undisturbed soils (as controls) to soils which have been recently disturbed 
(Figure 1, A). Resilience has been quantified in various ways, but it generally 
compares the soils at the end of the experiment to the soils immediately af-
ter disturbance, using the control soils as reference (Orwin and Wardle, 2004), 
in order to determine how rapidly the soil tends to return towards its pre- 
disturbance state after disturbance. The engineering resilience concept, how-
ever, has several drawbacks. First, it is most fit for measuring single parameters, 
such as respiration, nitrification and community richness, and is thus more 
appropriate for the assessment of functional parameters than multivariate 
community structure, even though the latter may be as ecologically relevant 
as functional parameters in soil (Balser & Firestone, 2005; Bardgett & van der 
Putten, 2014; Wagg et al., 2014). As assessing community structure becomes 
increasingly popular, multivariate metrics of community resilience are neces-
sary (Figure 1). Second, the application of the engineering resilience concept 
to soil assumes that microbial systems behave like an elastic, that is, they will 
tend to return to the pre-disturbance state without deviations. However, re-
cent meta-analyses have shown that soil microbial communities often don’t 
return to their pre-disturbance state (in terms of both composition and 
function) within experimental periods ranging from days to years (Allison 
and Martiny, 2008; Shade et al., 2012). This indicates that the soil microbiota 
may tend towards novel states following a disturbance. Several studies also 
indicate that the process of microbial recovery is highly deterministic (i.e. non- 
random) and may occur in stages (Placella et al., 2012; Song et al., 2015), sug-
gesting that throughout recovery the trajectory of the microbial community 
may exhibit deviations. Finally, the finding that communities exhibit thresh-
olds of ‘allowed’ disturbance frequency, beyond which they shift to a com-
pletely unpredictable conformation (Kim et al., 2013), implies that whether 
the community tends to return towards its pre-disturbance conformation is 

Figure 1. Resilience of a hypothetical community. A. A classical depiction of the engineering 
resilience concept. The community-wide parameter—here, total community—is measured in 
the soil prior to disturbance. The soil is then disturbed (orange), and measured at least once after 
disturbance in order to quantify resistance, and once thereafter, to quantify resilience. B. The 
response of the community to disturbance over time is dependent on the community members’ 
individual tolerance ranges (I). Once the system is disturbed (orange), populations which are 
not tolerant to these environmental conditions might disappear from the community (II). Once 
the disturbance ceases, the community’s composition has changed (III). The community may 
continue to change after the disturbance through regrowth or immigration, as new populations 
arise to occupy the available niches (IV). C. As these changes progress, dominance patterns may 
change greatly. D. The engineering resilience concept does not apply to community data as, at 
a population level, complex dynamics may result from the disturbance, more similar to succes-
sion than to an elastic. 



1

CH
A

PT
ER

 1
:  

G
EN

ER
A

L 
IN

TR
O

D
U

C
TI

O
N

16 17

dependent on the intensity and frequency of disturbance. The mechanistic ex-
planations for these phenomena are standing questions in microbial ecology, 
including why communities don’t always recover, why –despite the diversity 
and rapid growth rate of bacteria—the patterns observed are generally deter-
ministic and which factors trigger phase-like shifts in community composition. 

The increased emphasis on microbial community structure in soil has thus 
resulted in an increasingly complex view of soil microbiomes. As more insight 
into the drivers of microbial community structure and its influence in ecosys-
tem services are obtained, the engineering resilience concept has become 
far too simplistic for soil microbial communities (Barnard et al., 2013; Kim et 
al., 2013; Moroenyane et al., 2016). Throughout this thesis, we take advantage 
of high-throughput sequencing technology, and use it to focus on microbial 
community structure. We apply an ecological resilience concept to analyze 
the temporal pattern of recovery of microbial community composition follow-
ing disturbance. Several questions arise. Is there a linear relationship between 
disturbance intensity and resistance of the microbial community? Is the re-
covery of soil microbial communities similar to that observed in macro-eco-
logical communities? How does the recovering community respond to further 
perturbation, and what effect does this repeated perturbation have on the 
interactions within the community? 

SOIL DISTURBANCE AND THE MICROBIAL COMMUNITY 

Throughout this thesis, I define a disturbance as an event that alters the soil 
environment and has possible repercussions for the local microbial commu-
nity, or directly alters that community (Rykiel, 1985). I use the terms distur-
bance, stress and perturbation interchangeably. I focus on the responses of 
the microbial communities to transient perturbations, that is, disturbances 
which have a definite end (i.e., moisture pulses, heat and cold shocks), as op-
posed to long-term perturbations (i.e., metal pollution, persistent changes in 
pH), since in the latter the environment is permanently changed and gradual 
community adaptation plays a central role. Short-term disturbances, on the 
other hand, result in transiently open niche spaces and an ephemeral increase 
in available nutrients due to cell mortality. In the latter case the environment 

is presumed to be relatively similar to the pre-disturbance environment after 
the cessation of the disturbance. Throughout this thesis, I focus on the short-
term (~1 month) dynamics in the microbial communities following pulse dis-
turbances, including short-lived heat and cold shocks, drying and flooding 
events. 

The effects of a disturbance are, theoretically, not evenly distributed among 
community members. Microbes have growth optima which are defined along 
an infinite number of axes of environmental variables that constrain the or-
ganism’s theoretical niche. Stress on an organism occurs when one or more 
of these environmental variables change(s) beyond the organism’s optimum 
(Figure 1, B), creating physiological challenges or threatening its function or 
survival (Schimel et al. 2007). One strategy for survival is inherent resistance, 
in which populations possess mechanisms for tolerating the physiological 
challenges, as is the case with endospore production among members of the 
Firmicutes, which promotes resistance to heat and other stressors. An alter-
native strategy is acclimation, in which tolerance mechanisms are induced as 
a response to environmental change (i,e., the induction of stringent response 
by ppGpp, which halts RNA synthesis in the absence of sufficient aminoac-
ids, Condon, Squires, & Squires, 1995) . Traits such as salt or pH tolerance or 
preference and the ability to form heat-resistant endospores are phyloge-
netically conserved (Martiny, Jones, Lennon, & Martiny, 2015; Van Overbeek, 
Van Elsas, Trevors, & Wellington, 1997; Schimel, Balser, & Wallenstein, 2007). 
Within a community, members can be classified into functional response 
groups (FRGs, Lavorel & Garnier, 2002) according to their tolerance to environ-
mental stress. Such a classification may enable a better understanding of the 
immediate effects of a disturbance on the community, or community resis-
tance. However, the classification of microorganisms into functional response 
groups has only been done once, to our knowledge (Lennon et al., 2012). In 
the experiment performed by Lennon and colleagues, 45 bacterial and fungal 
strains were grouped according to their respiration rate across a gradient of 
soil moisture (Lennon et al., 2012). Their results showed how the wide range 
of responses resulted in different communities at varying soil moisture. Thus, 
a priori knowledge of the FRGs may allow for an estimation of the commu-
nity composition immediately after an environmental change—in this case, 
a change in soil moisture. 
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Changes within microbial communities may occur in the aftermath 
(> 1 day) of a disturbance as well (Figure 1B). Immediately after a microbial 
community experiences a disturbance, the affected biota may alter its ener-
gy allocation pattern, go dormant, or die. Subsequently, survivors may grow 
quickly as nutrients from the dead cells become available. Both the increase 
in the prevalence of such opportunists and the absence or reduction of func-
tion of sensitive populations may, in turn, affect populations with which these 
interact. This thus propagates the effects of the disturbance, similar to sec-
ondary succession. We here define groups of organisms with similar temporal 
response patterns as functional effect groups (FEGs, Lavorel & Garnier, 2002), 
with the underlying assumption that their contribution to patterns of commu-
nity assembly is somewhat related. Classifying community members in this 
way may yield valuable insight into microbial community assembly (Martiny 
et al., 2015; Shade et al., 2013). For example, during 72 hours after rewetting of 
soils, Placella and colleagues observed three groups of taxa, which exhibited 
three distinct temporal response patterns (rapid, intermediate and delayed re-
sponders). The members within the three groups were phylogenetically con-
served at the subphylum level, suggesting that the temporal patterns reflect 
distinct ecological, physiological or metabolic roles (Placella et al., 2012). 

FEGs may be used to study the recovery component of resilience, which 
describes the successional dynamics that follow the disturbance. This may in-
clude sequential changes in community structure and function which occur 
through the elimination of sensitive species. Thus, replacement by tolerant 
organisms may ensue due to relief of competition, shifts in inter-species inter-
actions due to reduced fitness of sensitive species or the absence of predators, 
or physiological or genetic adaptation (Medina et al. 2007). Microbial succes-
sion in soil has been generally used to indicate shifts in microbial community 
composition along a successional gradient, such as forests (Hu et al., 2013) 
or abandoned agricultural fields (Cline and Zak, 2015). Accordingly, the time 
scales used have often been too large to accurately capture the highly dynam-
ic microbial communities (Gilbert et al., 2010). 

The community properties which drive succession have been obscured by 
the large spatiotemporal scales over which communities are monitored (years 
to centuries) relative to microbial life histories. Thus, most changes in communi-
ty structure and function have been attributed to physicochemical parameters 

(Dini-Andreote, Stegen, van Elsas, & Salles, 2015; Fierer & Jackson, 2006; Hansel, 
Fendorf, Jardine, & Francis, 2008). However, novel research has shed light 
on some of the patterns of community assembly following disturbance 
(Moroenyane et al., 2016; Placella et al., 2012; Song et al., 2015; X. Zhang et al., 
2016a). In one recent study, soil bacteria were plated onto a range of media 
and plates were incubated for 2-84 days, producing communities whose com-
position depended on nutrient availability and incubation time. Very low be-
tween-replicate variability was found. This showed that community assembly 
was largely dependent on the individual niches occupied by members of the 
community, at least for the culturable fraction of the soil microbes (Song et al., 
2015). These deterministic patterns are in accordance with other disturbance 
experiments, both in the field and in laboratory (Moroenyane, Chimphango, 
Wang, Kim, & Adams, 2016; Placella et al., 2012; X. Zhang et al., 2016). 

The sequential nature of succession implies that both the time since the 
previous disturbance (frequency) and the type of disturbance (legacy) play 
a crucial role in determining the community’s response to further pertur-
bation. In soil, the effect of disturbance legacy on resilience has been most-
ly studied from an applied perspective, for instance exploring the effect of 
previous land use or contamination on resilience (Tobor-Kaplon et al., 2005). 
Such studies overwhelmingly find that resilience is negatively affected by 
perturbation, and that intensively managed or polluted soils are less resilient 
to disturbance than sustainably managed or pristine ones (Chaer et al., 2009; 
Kuan et al., 2006; Philippot et al., 2008; Tobor-Kaplon et al., 2006; Zhang et al., 
2010a). For example, Müller and colleagues found that mercury-contaminat-
ed, heat-shocked soils responded much more slowly to substrate additions 
than transiently tylosin-contaminated or control soils (Müller et al., 2002). The 
authors observed a significant decrease in the microbial diversity of the mer-
cury-contaminated soils, which may explain the reduced response following 
additional disturbances. While mercury contamination is a persistent distur-
bance, studies have also found that even when the soils are allowed to recover 
from transient perturbations, their resilience (here, measured as the response 
to further disturbances) is slower than that of the control soils. Kuan and col-
leagues found that grassland soils which had experienced various forms of 
perturbation (reseeding, application of sewage-sludge, biocide/nitrogen and 
lime additions) recovered their abilities to decompose local plant residues 
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more slowly following both copper and transient heat stresses than the un-
perturbed controls (Kuan et al., 2006). Different responses are found when, 
in case of dual stressors, both disturbances exert similar selective pressures. 
Bérard and colleagues found that pre-exposing soils to drought increased 
their resilience to heat, as measured by their ability to decompose 8 carbon 
substrates (Bérard et al., 2012). How legacy affects microbial recovery dynam-
ics, and how the identity of the prior disturbanceaffects the responses of the 
communities to future perturbations are, however, two poorly understood 
phenomena. 

AIM OF THIS THESIS

The general aim of this thesis is to improve our understanding of how soil 
microbiomes respond to stress and whether stress may result in altered com-
munity responses to further perturbation, or whether it may alter functional 
relationships. Finally, this thesis evaluates the applicability of these findings 
to climate change scenarios, in particular the effect of altered precipitation 
patterns on the microbiomes of soils under different management regimes. 

HYPOTHESES

Given the current state of knowledge regarding microbial community re-
sponses to short-term perturbation, I posed the following hypotheses for fur-
ther exploration in this thesis:
• By assessing microbial community resistance across a gradient of increas-

ing disturbance intensities, it is possible to resolve FRGs. These FRGs will 
show some degree of phylogenetic conservation. 

• Soil microbial community recovery from disturbance is deterministic and 
proceeds in stages, which—in the absence of abiotic change—are driven 
by the soil biota. 

• Soil microbial communities undergoing recovery from disturbance exhibit 
different recovery trajectories from further perturbation than those with-
out a disturbance legacy. 

• Soil perturbation affects microbial function by disrupting the functional 
dependencies between bacteria

• Soil microbial communities under intensive agricultural management ex-
hibit different resilience patterns in response to intensified precipitation 
regimes than those in sustainably managed soils. 

THESIS OUTLINE

The aforementioned hypotheses are explored throughout chapters 2-8 of this 
thesis. 

In chapter 2, I review current data from the literature that connect micro-
bial diversity and ecosystem functioning, focusing on resilience as a long-term 
function of soil. A key point of this review is an examination of the intricacies 
of the experimental methods that are currently used for manipulating diver-
sity. Throughout the rest of this thesis, I employ soil micro- and mesocosm 
experiments to study the temporal dynamics underlying microbial resilience, 
and the relationship between resilience and community structure. Contrary 
to most experiments reported in the literature, the experiments detailed in 
this thesis employ controlled disturbances (a heat shock or intensive land 
management) as a means to reduce microbial diversity, and test the effects 
of these reductions on further perturbation. I thereby avoid greatly altering 
the spatial distribution and connectivity of the soil microbiota that is naturally 
present in the system. 

In chapter 3, I subjected soil microbial communities to heat shocks of in-
creasing duration in a microcosm setting. By measuring community compo-
sition in terms of the bacterial 16S ribosomal RNA (rRNA) types, community 
members were thus classified according to their tolerance ranges. A positive 
phylogenetic signal was found in this classification, indicating ecological co-
herence within this grouping. From this experiment, I selected a heat shock 
duration which causes 50% mortality of the total microbiomes. 

In chapter 4, I explored secondary succession in the soil microbial com-
munity by disturbing soil microcosms with the previously selected heat shock. 
I then monitored the community composition in the recovering microbiomes 
in terms of the 16S rRNA types for 49 days. During this time, the microbiomes 
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revealed a temporal clustering of samples, which I interpreted as the emer-
gence of successional patterns. I group the microbial populations into FEGs, 
and compare them to macro-ecological successional groups. By connecting 
the pattern of community turnover to the phylogeny of each community 
member over time (as in Stegen et al., 2013), I detected strong deterministic 
selection, which in the absence of environmental variation I attributed to di-
rect or indirect biotic interactions. 

In chapter 5, I explored the effect of disturbance legacy on soil  microbial 
community resilience. I exposed the same microbial communities to the 
aforementioned heat shock in order to create a disturbance legacy, and later 
(25 d) exposed them to either an identical second heat shock or a cold shock. 
I monitored the community for 25 additional days through the amplification 
of reverse-transcribed 16S rRNA molecules. My results show that microbi-
al communities in soils with a disturbance legacy become more resilient to 
the same specific disturbance, but disproportionately less resilient to novel 
disturbances. 

In chapter 6, I focus on the nitrifying microbial communities in soil, which 
have been extensively studied in the past (Bouskill et al., 2012; Wertz et al., 
2006, 2007), and serve as a model for a ‘disturbance-sensitive’ organismal 
group in soil. Nitrification is a two-step process: ammonia is converted to 
nitrite via hydroxyl amine, and then nitrite is converted to nitrate. Each step 
involves two groups of ecologically distinct Bacteria and Archaea (Attard et al., 
2010), with different tolerance ranges. Furthermore, the dependence of nitrite 
oxidation on ammonia oxidation allows us to examine the effect of a decrease 
in one population on a dependent one. I used real-time PCR in order to quan-
tify marker genes (16S rRNA, amoA, and nxrA) for each functional group in the 
disturbance legacy experiment performed in Chapter 5. By monitoring the 
abundance of the four groups of nitrifiers along a recovery gradient, I test-
ed whether disturbances affect resistant taxa by reducing the populations on 
which these taxa depend. The results show that the response of each func-
tional group is dependent both on disturbance type as well as the soil’s legacy. 
However, due to the low temporal resolution of sampling, it was not possible 
to identify decoupling between ammonia and nitrite oxidizers. 

Chapter 7 of this thesis focuses on the applicability of the previous find-
ings to real-world disturbances. Here, I performed a mesocosm experiment 

using soils from adjacent, sustainably versus intensively managed plots, and 
subjected them to month-long extreme precipitation events (flood and 
drought), taking the last two decades of precipitation data from the region 
into account. I examined how the microbiomes in the mesocosms recov-
er from the flood and drought scenarios for one month after the treatment. 
I found that the communities from the intensively-managed soils are vulner-
able to both drought and flood, while those from the sustainably managed 
soils are only vulnerable to flooding. I also found faster recovery dynamics in 
intensively-managed soils, and attributed these to the higher percentage of 
fast-growing taxa. 

Finally, in chapter 8, I present a synthesis and discussion of the results ob-
tained throughout this thesis. In particular, I discuss soil microbial community 
resilience within the context of secondary succession. Integrating my findings 
with contemporary literature, I present a unified conceptual framework of sec-
ondary succession in soil microbial systems (“microsuccession”), and discuss 
a more complex concept of soil microbial resilience might better inform long-
term soil management. 
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INTRODUCTION

Understanding ecosystem functioning has been a main focus of ecological 
studies due to its importance for the maintenance of ecosystem integrity and 
human livelihood. While identifying and measuring relevant ecosystem func-
tions may be a seemingly straightforward task, isolating the biota responsible 
for the provision of a particular function is far more complicated. In this con-
text, understanding how this biota influences ecosystem functioning remains 
a very active area of research in ecology, known as Biodiversity-Ecosystem 
Function (BEF) (Hooper et al., 2005). Given the accelerating rates of biodiver-
sity loss (Millenium Ecosystem Assessment, 2005) and predicted increases in 
the intensity and duration of extreme climate events (IPCC 2007, 2007), under-
standing how species interact to provide ecosystem functions is crucial for an-
ticipating change as well as for establishing appropriate biodiversity buffers in 
order to minimize the risk of functional loss and maintain ecosystem integrity. 

Functioning can be evaluated in the short-term, in which case the magni-
tude of the process is of interest, or in the long-term, measured as the prob-
ability that that process is maintained in the face of environmental change. 
In both cases, functioning is an emergent property of ecosystems: interac-
tions between the system’s members and coevolution result in functioning 
which deviates from that expected from a system in which functioning was 
simply additive. In the case of environmental change, redundancy—the phe-
nomenon in which a function is carried out by multiple species in an ecosys-
tem—buffers functioning, as for any given environmental state there will be 
multiple organisms within a functional group which can perform optimally at 
a range of environmental conditions. 

It has been suggested that concerns for the maintenance of biodiversity 
cannot be extended to microbes (Finlay et al., 1997). The implicit assumption 
is that microbial community composition is not relevant for determining func-
tion because they are endlessly diverse, so that the only filter determining their 
function is the environment. Specifically, in microbial systems, where diversity 
and abundance are extreme and growth rates are rapid, it was formerly as-
sumed that redundancy is so high that diversity and community composition 
are decoupled from functioning due to the following observations: 1) most 
microbial species are ubiquitous and present in very low densities, awaiting 
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an opportunity to “bloom”; 2) the rapid adaptability of microbes means that 
such a system will never be so impoverished as to cease functioning; 3) the 
microbial system is so tightly linked to its physical environment that it cannot 
be studied within the context of cause-effect that is generally necessary for 
BEF studies. However, recent studies have shown that community composi-
tion matters to function (Allison and Martiny, 2008; Reed and Martiny, 2007): 
in soil, microbial communities exhibit a home-field advantage in decompos-
ing endemic vs. foreign litter (Keiser et al., 2011; Strickland et al., 2009a) and 
different communities do not become more similar when exposed to the 
same environment (Pagaling et al., 2013). This ongoing discussion has been 
particularly important in the realm of ecosystem models, where stable physi-
cal parameters or very coarse microbial parameters (such as total biomass) are 
assumed to accurately represent microbial contributions to ecosystem func-
tion (McGuire and Treseder, 2010).

Despite the current gaps in knowledge of microbial communities, this is 
an extremely attractive system for the study of BEF: the ease of manipulation, 
wide range of metabolic diversities, and availability of direct links between 
genetic diversity and function (i.e. functional gene analyses) allow for a range 
of experiments which would not be possible in other ecosystem. Particularly, 
the high turnover rate and diversity allow for studies which target the effect of 
redundancy on long-term function. A wide range of studies regarding this re-
lationship are now available (for in-depth reviews, see (Griffiths and Philippot, 
2012; Shade et al., 2012)), but the results of microbial BEF studies have often 
been contradictory. The purpose of this chapter is to provide a comprehen-
sive analysis of redundancy in microbial communities, paying special atten-
tion to the intricacies of these systems, in order to understand why these con-
tradictions arise, and shed light on how redundancy might bolster ecosystem 
function in these extremely diverse ecosystems. 

MICROBIAL DIVERSITY AND ITS CONTRIBUTION TO ECOSYSTEM 
FUNCTION

Microbial systems are responsible for the provision of a wide range of cru-
cial ecosystem services, but little is known about the role of diversity in 

maintaining this function. This is mostly due to the overwhelming complexity 
found in them: the study of microbial communities has been likened to the 
study of solar systems (Le Roux et al., 2011). This diversity is still not properly 
constrained: the lack of an ecological species definition for prokaryotes (Cohan, 
2002) has led to the usage of the operational taxonomic unit (OTU), defined 
as 97% sequence similarity in the 16S rRNA gene is used as a threshold for 
prokaryotic species, however this threshold may not be comparable to the eu-
karyotic definition of species (Cohan, 2002). This means that most prokaryotes 
can be identified based on their sequences alone, which makes distinguishing 
rare species from sequencing errors nearly impossible (Pedrós-Alió, 2012), and 
obscures the definite measurement of prokaryotic diversity. Nevertheless, it is 
agreed that microbial diversity is extremely high: one gram of soil may con-
tain 103-106 unique taxa (Gans et al., 2005; Torsvik and Øvreås, 2002). Finally, 
the link between phylogeny and function is truncated for prokaryotes, where 
horizontal gene transfer allows for the acquisition of functions—particularly 
those associated with adaptability to new environments—further complicates 
analyses of function through genes (van Elsas et al., 2006a). 

Despite these obstacles, microbial BEF—particularly for soil microbial com-
munities —demands much attention. In addition to serving as repositories of 
genetic information (Prosser et al., 2007), they provide ecosystems services 
which are fundamental for human persistence, including the maintenance of 
agricultural systems and waste recycling (Jeffery et al., 2010). In an assessment 
of the economic benefits of biodiversity, soil microbiota was partly or fully 
responsible for waste recycling, soil formation, nitrogen fixation, bioreme-
diation of chemicals, biotechnology, and biocontrol of pests. These services 
amounted to an estimated $1.16 trillion dollars per year globally, which was 
over a third of the estimated annual contribution of terrestrial ecosystem ser-
vices to the worldwide economy (Pimentel et al., 1997). This study contrasts 
sharply with another estimate which, while considering both terrestrial and 
marine ecosystem services, differed in its estimate of the total annual value 
of these services by more than an order of magnitude(Costanza et al., 1997). 
This discrepancy illustrates the prevailing lack of consensus regarding the 
economic weight of ecosystem services, which is particularly problematic the 
face of biodiversity loss (Jeffery et al., 2010) because it obscures the value of 
preserving biodiversity for the sake of the services it provides. It also illustrates 
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how functional classifications may be considered arbitrary: depending on the 
functions selected, how they are measured, and how they are valued, very dif-
ferent views of the same system can be obtained. 

Novel technologies are beginning to open the door for the pursuit of 
deeper ecological understanding of microbial systems, but these advances 
are not accompanied by an increase in ecological theory. High-throughput se-
quencing has greatly accelerated the rate at which new microbial species can 
be detected, but their ecological properties remain a mystery (Prosser et al., 
2007). Thus, although we know increasingly more about “who is there?”, this 
information is not accompanied by characterization of the new species’ niche 
spaces (“what are they doing?”), which precludes the understanding of how 
additional species affect function at an ecosystem level. Instead, the large ma-
jority of BEF studies in microbial ecology tend to focus on a single or few eco-
logically relevant functions, and often measure the abundance and diversity 
of functional groups or genes associated with those functions. For example, 
the soil microbiota play a crucial role in the nitrogen cycle and studies try-
ing to understand the link between N associated functions and soil microbi-
ota use functional genes associated with different steps of the cycle, such as 
those associated with nitrification and denitrification, as a way to cut through 
the overwhelming diversity found in soils, and focus on functionally relevant 
microbial community dynamics, which may scale up and affect functioning at 
the ecosystem level (Bouskill et al., 2012).

MICROBIAL BEF: A WORLD OF CONTRADICTIONS. 

Due to their rapid generation times and the large diversity found in small vol-
umes, microbial systems are ideal settings to probe BEF relationships, partic-
ularly in controlled laboratory microcosm experiments (Prosser et al., 2007). 
Indeed, while much remains unknown about the world’s microbiota (Prosser, 
2012), microbial BEF research has seemingly kept pace with macroecological 
research (Krause et al., 2014). The former, however, has been riddled with con-
tradictory results, and evidence for a positive BEF relationship has not been 
as strong as for the latter. Some of these discrepancies may arise from the 
heterogeneity which is unique and inherent to the microbial system. From 

an environmental perspective, the extremely heterogeneous soil matrix may 
unevenly buffer the effect of environmental change, reducing the homogene-
ity of the community’s response. It is also important to note that the phenom-
ena occurring in microenvironments within which the soil microbiota exist are 
of necessity averaged out for measurement, as current methodologies require 
soil to be homogenized before studying (Vos et al., 2013). Furthermore, while 
positive BEF relationships are expected (Hooper et al., 2005), a negative re-
lationship resulting from antagonistic interactions has been documented 
(Foster and Bell, 2012; Pereira e Silva et al.). 

Many contradictions have been attributed to differences in experimen-
tal setup. A recent meta-analysis indicates that most microbial BEF research 
has relied on comparative approaches, which test the BEF relationship across 
environmental gradients or treatments, rather than explicitly manipulating 
biodiversity (Krause et al., 2014) (Figure 1). The more common, comparative 
approaches are potentially riddled with hidden variables, and thus do not 
 allow for the drawing of a direct link between diversity and function. For this 
reason, here we focus mainly on experiments which involve direct manipula-
tion of diversity, which tend to find a strong, positive BEF relationship (Le Roux 
et al., 2011).

 The manipulative experiments fit within two categories. In assembly ex-
periments, a community is experimentally assembled to test the effect of 
each additional species or community structure on the community (Bell et 
al., 2005). By studying overly-simplified communities, these studies tend to 
target the ecological functioning that arises from minimally redundant sys-
tems—that is, right before functioning begins to ‘saturate’ (Figure 1a). This 
approach has been criticized because it can only include culturable bacteria, 
which may represent less than 1% of soil microbes (Torsvik et al., 2002), and 
because the diversity levels achieved are always unrealistically low, and ef-
fects observed at such low diversity levels may not be relevant or applicable 
to more realistic scenarios and thus is not representative. Furthermore, this 
setup generally ignores the effect of historical selection patterns on commu-
nity composition, which seems to be related to functioning as well (Keiser et 
al., 2011). Nevertheless, studying only culturable microbes allows for a full 
functional characterization of each population introduced into the system, 
and in this way over-yielding of the community as an emergent property of 
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biodiversity can be studied mechanistically. For example, by characterizing 
16 species of denitrifying bacteria in terms of their use of 6 carbon resources 
found in soil, Salles and colleagues created a model to predict CO2 production 
and denitrification based on the added functioning of each individual in the 
system. In this way, they were able to detect over-yielding and potential an-
tagonism within their assembled communities (Salles et al., 2009). This body 
of work has found a strong, positive BEF relationship, but have also stressed 
that it is the diversity of the functional traits in the community—not the num-
ber of taxa present—which affect functioning: for example, a recent 12-strain 
assembly experiment found that the best predictor of function was the phylo-
genetic diversity of each microcosm (Awasthi et al., 2014), which agrees with 
previous findings (Salles et al., 2012). The ability to manipulate genotypic and 
functional diversity as well as the distribution of species in assembled com-
munities has been crucial for this (Jousset et al., 2011b; Wittebolle et al., 2009). 

Unfortunately, assembly experiments represent less than 1% of microbial BEF 
studies, and long-term studies using assembly experiments are non-existent: 
the lack of further mechanistic insight is one of the greater gaps in microbial 
BEF research (Krause et al., 2014; Le Roux et al., 2011).

A second approach is to erode a large part of the microbial population 
selectively (e.g. using heat or chloroform) or randomly (reinocculating sterile 
soil with serial dilutions of the original community), in the so called removal 
experiments. These systems seem to maintain redundancy and a large part 
of their complexity, and much of the extant long-term BEF research has de-
pended on removal microcosms (Figure 2b). The first studies on microbial BEF 
used these approaches (Griffiths et al., 2000), and together with subsequent 
works have found that broad microbial functions, such as organic matter com-
position, are not affected by large decreases in diversity, but that soils with 
lowered diversity seem to be less resistant to invasion and less resilient to dis-
turbance (van Elsas et al., 2012; Griffiths et al., 2000). Nevertheless, these stud-
ies have also yielded contradictory results. For example, in one case, microbial 
diversity was reduced by inoculating sterile soil with serial dilutions of its orig-
inal community, but the rate of carbon mineralization, nitrification and de-
nitrification enzyme activity were not related to the diversity treatments, even 
after diversity reductions of more than 99% of the soil biota, suggesting no 
BEF relationship (Wertz et al., 2006). Using the same serial dilution approach, 
another experiment found that while 10-5 led to a 75% decrease in estimated 
richness, the potential denitrification of these soils was reduced by about 75% 
as well, pointing at a strong, positive BEF relationship (Philippot et al., 2013).

Soil microbes are intricately tied to their environment and to each other. 
The complexity of the system requires that it be simplified for study, but in 
doing so in ways which maintain an ecosystem which is representative of the 
natural one has been incredibly challenging (Le Roux et al., 2011). The three 
approaches discussed here—comparative gradient analysis, assembly, and 
removal experiments—target the study of the effect of the environment, di-
versity, and redundancy on functioning, respectively. 

Figure 1. Conceptual scheme of BEF. The relationship between diversity and function is as-
ymptotic; different experimental approaches target different levels of species richness (Le Roux 
et al., 2011). By greatly reducing diversity and environmental variability, assembly experiments 
seek mechanistic insight into the direct effect of diversity on process rates under minimized 
redundancy, that is, short-term function (a). Dilution-to-extinction and fumigation experiments 
retain greater species richness, and tend to emphasize the relationship between diversity and 
stability (i.e. long-term function) under otherwise stable environmental conditions (b). These ex-
periments focus on systems in which the functioning asymptote is approached, although some 
dilution experiments cover broader ranges of diversity, as in (Philippot et al., 2013) (b, dotted 
line). In observational studies, diversity is not manipulated, and the focus is rather on the effect 
of environmental change on the community’s ability to maintain process rates (c). In this case, 
the level of redundancy is high enough to ensure no effect of diversity on functioning, although 
both positive and negative effects (c, dotted lines) have been observed for this type of experi-
ments (Girvan et al., 2005; Pereira e Silva et al.)
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FUNCTIONAL REDUNDANCY AND DIVERSITY

Redundancy is a characteristic of ecological systems which arises when “differ-
ent species perform the same functional role in ecosystems so that changes in 
species diversity do not affect ecosystem functioning”, and must be defined 
relative to the system being studied (Loreau, 2004). The term was first devel-
oped in an attempt to optimize conservation efforts and direct them towards 
the most ecologically relevant species, highlighting the importance of diver-
sity in maintaining functional stability and the integrity of the ecosystem in 
the face of environmental fluctuation (Walker, 1992), and was later taken up 
as a way to calculate how much biodiversity could be lost before it affected 
function (Lawton and Brown, 1994). 

Functional redundancy emerges from the functional classification of its 
individuals. In contrast to taxonomic classifications, functional ones group 
organisms based on their contribution to ecosystem functioning rather than 
phylogeny. This classification paradigm has several advantages: functional di-
versity is generally a better indicator of ecosystem functioning than the direct 
measurement of species richness (Awasthi et al., 2014; Eisenhauer et al., 2013; 
Pereira e Silva Semenov, A.V., Schmitt, H, van Elsas, J.D., Falcao Salles, J., 2012; 
Petchey and Gaston, 2002), and functional classifications implicitly account 
for environmental and biotic interactions by measuring only the outcome of 
community composition, thereby overcoming the oversimplification which 
stems from studying individual species in a laboratory setting. While this clas-
sification scheme is not universally applicable in the sense that functions must 
be defined relative to the system, it allows for the comparison between eco-
systems that contain different species (Voigt et al., 2007).

A major obstacle in applying functional classifications is the different 
interpretations of what constitutes a functional group, functional guild, or 
functional type. While functional classifications are not new to ecology, they 
became popular fairly recently, with the definition of the functional guild 
as a conceptual tool: “…a group of species that exploit the same class of 
environmental resources in a similar way. This term groups together spe-
cies, without regard to taxonomic position, that overlap significantly in their 
niche requirements. (…) A species can be a member of more than one guild” 
(Root, 1967). Since then, new terms (e.g. functional group, strategy, trait, etc.) 

emerged and were used to define slightly different, yet overlapping concepts 
(for an in-depth discussion, see (Gitay and Noble, 1997)). While the concept 
was rapidly adopted by ecology, it was not applied rigorously during the de-
velopment of classification schemes, rendering them incomparable in many 
cases. Perhaps the biggest problem has been differentiating between func-
tional response traits (groups of organisms which respond similarly to chang-
es in environmental factors) and functional effect traits (groups of organisms 
species which contribute in a similar way to ecosystem function) (Lavorel and 
Garnier, 2002). In order to understand the link between ecosystem function-
ing and biodiversity, both of these classifications are necessary: under a giv-
en environmental condition, knowing which organisms are in their optima 
and which are out of their functioning range precludes the understanding of 
how biodiversity affects function, as much of this diversity may be apparent 
in terms of functioning if the organisms are diverting resources from growth 
to persistence. Classifying organisms into functional response groups be-
comes even more important if the functions in question are long-term and 
environmental variability is a factor (see section 5.2). 

Nowhere is the need for functional effect classifications more important 
than in the soil microbiome, where it is estimated that 85% of microbial cells 
and over 50% of microbial OTU’s are inactive at any given time (Lennon and 
Jones, 2011). This means that a majority of the soil microbial diversity is only 
apparent with regards to short term functioning (the long term implications 
of these ‘microbial seed banks’ are discussed in a later section). Despite the 
need, to our knowledge only one experiment has classified a set of microbes 
based on their response to environmental change (Lennon et al., 2012). In 
this study, respiration—which is related to growth—was used both as an in-
dicator of function (functional effect trait) and fitness (functional response 
trait) for 23 individual strains of bacteria and 22 strains of fungi across 
a range soil moisture contents. While for some organisms the wettest soil 
coincided with the highest respiration, many strains exhibited optimal respi-
ration rates and intermediate moisture contents. Different niche breadths—
tolerance to a wide range of environmental change—were observed. There 
was a strong phylogenetic signal associated with moisture tolerance: closely 
related strains performed more similarly that would be expected if the rela-
tionship between phylogeny and functional response were random. Finally, 
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it was observed that biofilm-producing organisms performed better at low 
moisture content and had a wider tolerance range, but grew more slowly, 
highlighting the fact that environmental adaptation requires trade-offs 
(Lennon et al., 2012). 

The above study created the first microbe-focused functional response 
classification, but did not further study whether these strains, when combined, 
behave similarly, or whether the behavior changes with increasing commu-
nity diversity. To our knowledge, no such studies exist. The novel practice of 
seeking the ‘core microbiome’ of an environment—that is, to distinguish be-
tween microbial species which change in response to the environment (Shade 
and Handelsman, 2012)—alludes to the need to group organisms based on 
their response traits, but it is generally measured in natural environments, and 
as such is riddled with confounding factors. One factor which distinguishes 
prokaryotes from other organisms is the ability to acquire mobile genetic 
elements (i.e. plasmids), which often contain genes that facilitate survival in 
a wider range of environmental states (van Elsas et al., 2006a). The potential 
change in response trait classification resulting from the acquisition of mobile 
genetic elements also remains unexplored. 

THE ADDITIVE EFFECT OF BIODIVERSITY

The primary concern of BEF research is not the individual capacity of an or-
ganism to function, but rather the emergent properties that arise from bio-
diverse communities. This improvement in functioning may be an increase in 
functional output—known as the short term effects of biodiversity—or an in-
crease in the probability that this level of functioning will be maintained given 
environmental change, known as the long term effects (Figure 2). These emer-
gent properties are particularly hard to measure in complex systems due to 
the difficulty of partitioning and attributing changes in community function 
amongst a plethora of individuals. 

SHORT TERM EFFECTS: PRODUCTIVITY

The idea that biodiversity increases ecosystem function was engraved in 
Darwin’s original work “...if a plot of ground be sown with one species of grass, 
and a similar plot be sown with several distinct genera of grasses, a greater 
number of plants and dry herbage can be raised in the latter than in the for-
mer case (...) the truth of the principle that the greatest amount of life can 
be supported by the great diversification of life, is seen under many natural 
circumstances” (Darwin, 1859). At the most basic level, BEF research seeks to 
understand which characteristics arise from the presence of additional spe-
cies in an ecosystem before ecosystem function begins to saturate (Figure 2a). 
These emergent properties—also known as biodiversity effects—are broadly 
categorized as selection or complementarity (Krause et al., 2014), and are con-
sidered to be the mechanistic processes by which more diverse ecosystems 
exhibit higher process rates. 

Selection refers to the phenomenon in which a more diverse community 
will have a higher probability of containing more productive organisms. The 
better-performing organism tends to outcompete the rest for resources, re-
turning the system to a monoculture in which its productivity dominates the 
entire system’s productivity; interactions between competing species are not 
considered to be significant contributors to changes in function. Here, the 
maximum functioning for the community is determined by the rate of func-
tioning of the most productive species (Krause et al., 2014; Tilman et al., 1997). 
In cases where the most competitive species is the less productive one, selec-
tion can lead to a negative BEF relationship.

Complementarity on the other hand, results from the competition for 
resources within a community, which may result in specialization and niche 
differentiation: as two species compete for a resource, they become special-
ized in exploiting the resource in different ways or times in order to minimize 
competitive pressure. In time, a greater efficiency is expected from the sys-
tem as resources are used more thoroughly. Facilitation is a special case of 
complementarity, where mutualisms arise among organisms in a community, 
and result in higher ecosystem productivity (Krause et al., 2014). While com-
plementarity also predicts an asymptotic relationship between diversity and 
function in this case the maximum productivity of the system may be higher 
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than the productivity of any single member species—a phenomenon termed 
overyielding. In this scenario, the productivity of the system should be supe-
rior from the added productivities of the component species (Loreau, 2000; 
Tilman et al., 1997). 

Evidence for resource-use complementarity in the soil microbial system is 
scant: in one case, microcosms containing up to 8 strains of cellulolytic bac-
teria were assembled and monitored over 25 days. Greater species richness 
supported more individuals and faster decomposition rates than any mono-
culture. Furthermore, the initial frequency distribution of inoculated organ-
isms was maintained in the richest microcosms, suggesting coexistence, but 
it was not possible to distinguish whether this coexistence was due to niche 
differentiation or facilitation, although the authors suggest both mechanisms 
were present. Similarly, in the assemblage experiment with denitrifying bac-
teria mentioned earlier, the expected function of an assembled community 

(‘community niche’) was calculated by summing the functioning of each of 
its members, and this was compared to the realized function. The most pro-
ductive species in terms of CO2 did not coincide with the most productive 
denitrifiers, illustrating the danger of underestimating relevant species when 
a single function is used to study the community. In addition, community 
niche had a much greater explanatory power for the observed functions than 
species richness alone. The positive relationship between community niche 
and function suggest that the pattern of resource utilization of the species in 
a community are a major driver of the increased functioning resulting from 
higher diversity (i.e. complementarity). The authors also found a minor selec-
tion effect, where certain species had a greater effect on community function-
ing than others, but they argue that in such dynamic communities, teasing 
out the influence of selection from complementarity is irrelevant, as these 
are tightly intertwined (Salles et al., 2009). In contrast, a study using a similar 
experimental approach found that respiration in assembled bacterial micro-
cosms was lower in pairwise cultures than expected from the monocultures, 
and even lower in multispecies cultures, suggesting a predominance of nega-
tive interactions in this system (Foster and Bell, 2012). 

LONG-TERM EFFECTS: STABILITY AND RESILIENCE

Ecosystems are dynamic, and communities must maintain ecological pro-
cesses in the face of environmental change (stability), recover from radical 
environmental change (resilience), and adapt to constantly changing environ-
ments (self-organization) in order to persist. These three properties of diverse 
systems arise from the interplay between functionally redundant organisms 
in the community: species within a functional effect group might belong to 
different functional response groups. When environmental change occurs, it 
is the presence of organisms with different response patterns that allows for 
the maintenance of function, as species with more favorable responses to en-
vironmental change can compensate for the loss of function by the more sen-
sitive species. In a similar way, the presence of functionally redundant organ-
isms allows for other, tolerant individuals to maintain function when sensitive 
ones die or go dormant in response to disturbance. 

Figure 2. Different aspects of BEF. The short and long-term effects of biodiversity are studied 
in systems where diversity is simplified to different levels: for the former, the assembly approach 
discussed in section 3 is generally optimal (a), as simple systems are more tractable and it is 
easier to link an individual to increases in function. For the study of the long-term effects of 
biodiversity on ecosystem function—namely stability and adaptive capacity—more diversity 
is preserved. The emphasis is on monitoring the variability of functional parameters over time, 
if the goal is to determine intrinsic stability (b); or to measure resistance and resilience of the 
system to disturbance, if the focus is on functional stability sensu Pimm 1984 (Pimm, 1984). The 
study of alternative stable states and adaptive capacity is in its infancy, and even less is known 
regarding the redundancy on these two ecological properties in microbial systems. 



CH
A

PT
ER

 2
: F

U
N

C
TI

O
N

A
L 

RE
D

U
N

D
A

N
C

Y 
A

N
D

 E
CO

SY
ST

EM
 F

U
N

C
TI

O
N

40 41

2

Redundancy may be particularly important for the highly dynamic soil mi-
crobial system, where, while diversity may be extreme, it may be necessary 
to buffer environmental change and guarantee the maintenance of function. 
The most well studied long-term BEF effect is functional stability. The no-
tion that redundancy results in stability is not new, however interest in the 
development of mathematical models which mechanistically explain why 
this occurs did not become popular until the late 1990’s. The importance of 
redundancy to ecosystem performance was initially modeled by applying 
concepts of reliability engineering to the stability of function (Naeem, 1998). 
In this model, ecosystem functioning was defined as “the biogeochemical 
activities of an ecosystem or the flow of materials and processing of energy”, 
complexity as the number of functional groups in the system, and reliability 
as the probability that the system will provide enough services to perpetu-
ate the cycle. Here, diversity increases the stability within a functional group 
through compensatory growth, by which one species within a functional 
group increases when another is reduced. This refers to the difference in envi-
ronmental tolerances between organisms, which suggests that in redundant 
systems, there is a higher probability that some organisms will be unaffected 
by the environmental change, and these will be able to use the resources left 
behind by the more sensitive species. Interestingly, this model looks at each 
functional group in the system as a compartment that feeds into the others, 
and so collapse of the system may come about if a single functional group 
becomes unstable. 

The insurance hypothesis, developed a year later (Yachi and Loreau, 1999), 
builds on the previous model, and attributes the increase in functioning and 
decreased variability to the positive selection of the more productive spe-
cies and the temporal asynchronicity of species responses to environmental 
fluctuation, respectively. Here, stability arises because the dynamics of the 
diverse systems are less dependent on individual species. This is particular-
ly important in soils, which exhibit a very high species turnover rate: in one 
case, the bacterial and archaeal ammonia oxidizing communities in a range 
of Dutch agricultural soils showed above 50% change in community structure 
between seasons (Pereira e Silva et al., 2012a, 2012b). In another, it was shown 
that when colonizing a novel environment, the microbial community under-
goes drastic rearrangement, and draws heavily from members of the ‘rare 

biosphere’ (Pagaling et al., 2013; Sjöstedt et al., 2012), a strategy which may be 
crucial for stress-response (Lennon and Jones, 2011). 

While the intrinsic variability of soils and the mechanisms that support it 
may be of interest to understanding how redundancy contributes to micro-
bial ecosystem function (figure 2b), soil research rarely focuses on this aspect 
of stability. Instead soil stability is measured by applying a disturbance to soils 
with naturally or artificially differing levels of diversity and testing whether 
the microbiota are able to maintain function in the face of disturbance (resis-
tance), and the time it takes the function to be restored to its pre-disturbance 
levels (engineering resilience) (Pimm, 1984), figure 2c. Redundancy can be 
measured as the diversity within a functional group, which is often assessed 
through functional gene markers that allow for the inclusion of unculturable 
organisms. As a whole, the results emerging from this area of research are 
hard to interpret: the usage of disturbances of different identity, duration, and 
intensity as well as the different time intervals between the measurements of 
resistance and resilience renders these studies incomparable (Deng, 2012). 

Nevertheless, this body of work has yielded important insights into the re-
lationship between diversity and stability. For example, one study found that 
the diversity of both nitrite oxidizing and denitrifying bacteria in soil was not 
significant in determining the rate of functional recovery from experimental 
heating; rather, the main factor affecting this phenomenon was the abun-
dance of the genes responsible for the functions tested (Wertz et al., 2007). In 
this case, it was not diversity, but sheer abundance which was responsible for 
stability. In another case, the recovery rate of two soils with naturally differ-
ing levels of diversity was compared: while mineralization of a labile carbon 
source (14C-labeled wheat shoot) remained unaffected, mineralization of a re-
calcitrant substrate (14C-labeled 2,4 dichlorophenol) was impaired. The more 
diverse soil was able to recover within the 9 weeks of the experiment, while 
the less diverse soil did not (Girvan et al., 2005), suggesting here diversity mat-
tered not only for stability, but also for the decrease in function. 

Generally, narrower or less redundant functions have been found to be less 
stable following disturbance than broad functions (Balser and Firestone, 2005), 
supporting the notion that biodiversity acts to buffer the system against fluc-
tuations. In one case, respiration in serially diluted soil microbial microcosms 
exhibited no change in basal respiration or decomposition despite the large 
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reductions in diversity, but nitrification was progressively retarded with each 
dilution (Griffiths et al., 2000). Changes in community composition may affect 
function when, following disturbance, an abundant and efficient species is re-
placed by a redundant, but less efficient yet tolerant one. For example, mon-
itoring potential nitrite oxidation (PNO) on soils that were treated with the 
cessation of tillage on tilled land or the establishment of tillage on untilled 
land, it was possible to detect a switch from Nitrobacter-like nitrite oxidizers to 
Nitrospira-like nitrite oxidizers with tillage, which explained the decrease in PNO 
(Attard et al., 2010). The cessation of tillage did not result in a restoration of the 
Nitrobacter community within the 17 months of study, suggesting that long-
term function might have been permanently affected by treatment. In an as-
sembly experiment comparing the recovery from heating or metals in microbial 
communities of 1-12 bacterial species, biodiversity increased stability, measured 
as community biomass, but this stability was closely associated to the number 
of tolerant species in the community, a phenomenon analogous to the selection 
effect (Awasthi et al., 2014). In a separate experiment, altering the pH in mixed 
culture fermentation reactors was shown to bring about the dominance of dif-
ferent species of Clostridium and elicit slight changes in the reactor’s chemical 
output in accordance with the dominant species’ preferences (Lu et al., 2011). 

The distribution of species abundances within a community also affect sta-
bility: more evenly distributed communities are generally more stable than 
communities characterized by one or two dominant species (Degens et al., 
2001; Wittebolle et al., 2009). In one case, the effect of selective stress on the 
stability of assembled denitrifying communities of up to 18 species was high-
ly dependent on initial community evenness (Wittebolle et al., 2009). Even 
excluding the effect of the presence of tolerant species on the community’s 
response, evenness played a significant role in maintaining stability.

Perhaps the clearest results have been obtained from studies looking at 
invasion resistance as an indicator of functional stability (Shade et al., 2012). In 
general, diversity decreases invasibility in microbial systems (Eisenhauer et al., 
2013; van Elsas et al., 2012; Jousset et al., 2011b). By using both assembly and 
dilution in bacterial microcosms, a strong, negative correlation was shown 
between diversity and invasibility of an invader E. coli strain (van Elsas et al., 
2012). In a more recent experiment, the authors were able to attribute this de-
crease in invasibility to a reduction in easily available resources and reduced 

competitive advantage in the more diverse treatments. This result was con-
firmed by applying a resource pulse the community following invasion, which 
led to an increase in the abundance of the invading species (Mallon et al., 
2015). An analogous result was found in assembled communities consisting 
of different strains of Pseudomonas fluorescens, where genetic dissimilarity 
within a community increased productivity and decreased the success of the 
invador Serratia liquefaciens by decreasing the amount of resources available 
to the invader (Jousset et al., 2011a). 

While it seems that theoretical predictions of a positive relationship be-
tween diversity and stability are somewhat in agreement, a large gap in the lit-
erature arises from differences between the definition of stability employed in 
these two fields: while experimental microbial ecology uses a functional defi-
nition of stability, which depends on resistance and resilience, theory often re-
lies on intrinsic functional stability, which is a stand-alone parameter that mea-
sures the reduction of variability when there is no change in environmental 
parameters (Figure 2b). It is expected that more diverse communities will be 
more functionally stable and less compositionally stable, yet this has received 
little attention. The measurement of intrinsic stability requires the repeated 
measurement of an unperturbed community over time. Instead, a measure-
ment is made immediately before disturbance to determine “normal” levels of 
functioning, immediately after to evaluate whether the system was resistant, 
and for a third time after a recovery period has passed. This approach does not 
consider that the system at equilibrium exhibits a constant variability which 
is intrinsic to the system, called operating range (NOR) (Kersting, 1984), and 
thus cannot distinguish whether the response of a community to disturbance 
fits within ‘normal’ ranges of fluctuation or not, or whether a system that is 
deemed recovered is in a similar equilibrium to its undisturbed state. 

MOVING FORWARD: REDUNDANCY AND ADAPTIVE CAPACITY 

The concept of resilience employed in the measurement of functional stabili-
ty—engineering resilience—differs from the ecological concept as it was orig-
inally proposed (Holling, 1973)—ecological resilience. The former sees ecosys-
tems as simple, rebounding springs, while the latter includes the possibility of 
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the system shifting to alternative states due to perturbation, and thus is much 
harder to measure (Holling, 1973). If ecological resilience is considered as 
a function in the same way as invasion resistance and stability, then it too can 
be progressively eroded. While research on this topic has been sparse and has 
not directly manipulated diversity, evidence of this phenomenon exists (Chaer 
et al., 2009; Kuan et al., 2006; Philippot et al., 2008; Tobor-Kaplon et al., 2006; 
Zhang et al., 2010a). For example, mercury-contaminated, heat-shocked soils 
responded much more slowly to substrate additions than the transiently ty-
losin-contaminated or control soils (Müller et al., 2002). The authors observed 
a significant decrease in the microbial diversity of the mercury-contaminated 
soils, which may explain the reduced response following additional distur-
bances. Mercury constitutes a long-term stress, so the heat-shocked com-
munities were already coping with the original disturbance; however some 
studies find that even when the soils are allowed to recover from transient 
perturbations, their response to further disturbances is slower than that of the 
control soils: in another case, grassland soils which had experienced various 
forms of perturbation (reseeding, application of sewage-sludge, biocide/ni-
trogen and lime additions) recovered their ability to decompose more slowly 
following both copper and transient heat stresses than the unperturbed con-
trols (Kuan et al., 2006). 

The concept of ecological resilience can be broken down into three char-
acteristics: 1) the amount of change a system can undergo while retaining the 
same controls on function and structure; 2) the degree to which the system 
is capable of self-organization; and 3) the ability to build and increase the 
capacity for learning and adaptation (Carpenter and Brock, 2008). Systems in 
which ecological resilience has been lost are unable to adapt to environmen-
tal change beyond a certain threshold, and in response to change shift to al-
ternative stable states, in which the community is characterized by a different 
set of interactions (Figure 2d). One question that arises from this is whether 
microbial systems have stable equilibria to begin with. This is unclear, since 
the detection of alternative stable states requires the measurement of intrin-
sic variability which, as mentioned in the previous section, is not common 
practice in microbial ecology. 

Another question is whether these irreversible shifts to alternative stable 
states have any relevance to ecosystem cycles. By analyzing the available 

literature, we may find mechanisms by which they do: the previously men-
tioned experiment in which tillage and no-tillage agricultural lands expe-
rienced an exchange in practice and the productivity and structure of the 
nitrite oxidizing communities underwent a catastrophic shift as, in response 
to an environmental change (tilling), the dominant members of a function-
al group (nitrite oxidizing bacteria) fundamentally changed from a those 
belonging to a more efficient genus (Nitrobacter) to a less efficient one 
(Nitrospira), leading to a decrease in function. Furthermore, cessation of tillage 
did not result in the opposite change in community. This may be an example 
of hysteresis—the phenomenon in which a system fails to return to its original 
state once perturbation ceases (Beisner et al., 2016)—which is a property of 
systems that exhibit alternative stable states. In this case, the system may fail 
to return to its no-tillage state because the Nitrobacter community has been 
eroded beyond its ability to recover, or because the new dominant, generalist 
group is well suited for a wide range of environmental states, and it cannot 
easily be outcompeted when the system returns to its original conformation. 
Regardless of the underlying mechanism, this study provides evidence that 
a shift in the identity of the dominant organisms in a functional group may 
have an effect on functioning, and that this change may be irreversible. The 
implications of applying the ecological resilience concept to BEF studies are 
unknown but potentially very relevant, however to our knowledge, no work 
explicitly targets the measurement of ecological resilience in microbial sys-
tems, and this represents a serious gap in ecological research. 

CONCLUSION 

The last decade has seen a shift in focus, from a function-focused to a stability 
and probability-focused perspective. This is to be expected: at a time in which 
climate is predicted to become more unpredictable (IPCC 2007, 2007), and 
biodiversity loss is expected to accelerate (Millenium Ecosystem Assessment, 
2005), it becomes important to be able to guarantee not only that ecosystems 
will be able to function, but that they will still be able to function in the face 
of drastic change. As mentioned earlier, the concept of functional redun-
dancy was developed as a way determine which species within a communi-
ty required the most conservation attention, and was later used to refer to 
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a ‘minimum’ amount of biodiversity needed to keep the system functioning. 
As the focus shifts from the from the short- to the long-term effects of redun-
dancy on ecosystem functioning, it becomes clear that the ecological value of 
redundant species lies in their ability to buffer against environmental change. 
Microbial communities are excellent model systems to study such buffering, 
not only due to the extremely high level of functional redundancy found 
here, but also due to the fact that these systems routinely experience rapid 
changes which may be catastrophic from a microbial perspective, and yet as 
a community they are able to maintain function. It seems that, even in the ex-
tremely diverse soil microbial system, diversity reductions result in reductions 
in either long-term or short-term function, or both, although the current gap 
in knowledge regarding microbial functional responses impairs our ability to 
understand the mechanics of this reduction as well as our ability to predict 
when environmental change results in functional change (Wallenstein and 
Hall, 2012). 

While the relevance of diversity to resilience and self-organization, and 
their contribution to the maintenance of function may be elusive and hard to 
study experimentally, these relationships warrant our attention. Initial studies 
have already revealed the importance of rare species in restructuring com-
munities. Given current knowledge, it seems that in changing environments, 
every species matters, even in communities as diverse as the soil microbial 
community. Future research must delve into whether certain individuals mat-
ter more by evaluating the functional response profiles of individuals and 
communities, and quantifying the effect of changes of community composi-
tion on function. 
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ABSTRACT

Soil microbial communities have a remarkable capacity for adaptation, which 
allows them to cope with changing environmental conditions. However, little 
is known regarding microbial community dynamics following disturbance. In 
this study, we explored the immediate response of a microbial community to 
increasing heat stress in order to characterize the community in terms of func-
tional response groups. We monitored microbial community recovery using 
qPCR and sequencing of 16S rRNA gene transcripts. Increasing doses of heat 
stress resulted in a convex survival curve. Community composition shifted 
gradually with increasing heat stress. We identified four functional response 
groups (FRGs), each with a strong phylogenetic signal at the phylum level: 
FRG1, the most sensitive group, was dominated by Actinobacteria; FRG2 and 
FRG3, with intermediate tolerance, were dominated by Proteobacteria and 
FRG4, the most resistant group, was dominated by Firmicutes. By assessing 
the response of the potentially active portion of the bacterial community to 
a gradient of heat disturbance, we provide the first in-depth characterization 
of microbial FRGs in a soil community, and a glimpse into the first step of mi-
crobial recovery from perturbation in soil. 

INTRODUCTION

Understanding how communities adapt to environmental change lies at the 
heart of ecology, but is a relatively new pursuit in microbial ecology (Prosser, 
2012). The extreme phylogenetic diversity and rapid turnover rates character-
istic of microbiomes has until recently impaired the in-depth study of micro-
bial community dynamics, particularly in response to disturbance (Prosser et 
al., 2007; Shade et al., 2012). The surge in the availability of high throughput 
sequencing has allowed for the systematic evaluation of phylogenetic rela-
tionships among community members, which has been instrumental in under-
standing patterns of community assembly for microbes along macro-ecological 
successional gradients (Dini-Andreote et al., 2015) and during flower develop-
ment (Shade et al., 2013), among others. In addition, the adoption of trait-based 
approaches for studying microbial communities has proven to be a powerful 
tool in understanding the relationship between microbial community compo-
sition and ecosystem functioning (Krause et al., 2014). Trait-based approaches 
can explain, for example, a community’s propensity to invasion (Mallon et al., 
2015) as well as its diversity (Bouskill et al., 2012; Salles et al., 2012).

The integration of high throughput sequencing and trait-based approach-
es may serve to better understand microbial community responses to distur-
bance (Martiny et al., 2015). We define a disturbance as an event that either 
directly alters the community (i.e. application of an antibiotic), or alters the 
environment, thereby affecting the community (i.e., flooding; Rykiel, 1985). 
The disturbance may have short term effects on the community by changing 
its composition, but long-term effects may also be observed, as the alteration 
of the community may trigger feedbacks, which result in further communi-
ty shifts. In order to understand the immediate effects of disturbance on 
the community, it is useful to classify community members into Functional 
Response Groups (FRGs). An FRG is a group of organisms which respond sim-
ilarly to changes in their environment (Lavorel and Garnier, 2002). An FRG can 
be, for example, a group of soil organisms which have similar pH tolerance 
ranges. A recent meta-analysis has shown that the phylogenetic coherence 
of FRGs is dependent on the environmental gradient in question: while pH 
tolerance is conserved at the phylum level, temperature tolerance is spe-
cies-specific (Martiny et al., 2015) The long-term effects of disturbance may 
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be best understood by classifying community members into functional effect 
groups (FEGs), which are groups of organisms which contribute similarly to 
ecosystem function (i.e. lignin-degrading organisms in soil). The removal of 
FEGs may result in feedbacks, as for example, the absence of lignin-degraders 
would affect the total pool of available carbon in the community. Thus, FRGs 
and FEGs are neither exclusive nor inclusive of each other, understanding the 
connection between FRGs and FEGs is necessary to predict the effects of dis-
turbance on a community’s functioning: knowledge of which organisms may 
withstand a disturbance of pH precludes the estimation of the disturbances’ 
effect on lignin degradation. Furthermore, the disparity between members 
of FRGs and FEGs within a community results in the persistence of functions 
in a fluctuating environment: at a community level, the functional range of 
a community is the sum of the individual tolerance ranges of the component 
organisms, and the system as a whole may preserve a function despite the 
loss of individuals with that function. 

While in macro-ecology the study of functional response traits is more 
common than that of functional effect traits (Suding and Goldstein, 2008), the 
opposite pattern is observed for microbial systems, where high diversity, rap-
id growth rates and functional redundancy are often assumed to compensate 
for potential shifts in communities in response to environmental change, re-
sulting in the preservation of function under all circumstances (Finlay et al., 
1997). While a wealth of literature is available on the functional and structural 
responses of microbial communities to environmental change (reviewed in 
Griffiths and Philippot, 2013), mechanistic insights into the relationship be-
tween environmental fluctuations, tolerance ranges of the community mem-
bers and the recovered community are lacking. Thus, while resolving the FRGs 
of a microbial community is fundamental to understanding its responses to 
environmental change, FRGs are seldom quantified because this requires 
measuring the community responses to a range of magnitudes of the same 
disturbance. In one case, Lennon and colleagues evaluated the response of 
artificially constructed microbial communities (bacteria and fungi) to a range 
of soil moisture contents in terms of respiration (Lennon et al., 2012), but this 
community contained a small fraction of the diversity found in soil microbial 
communities. Evaluating FRGs in natural soil microbial communities is a logi-
cal next step. 

Here, we characterized a soil bacterial community according to the func-
tional response patterns of its members when exposed to a short heat stress. 
We subjected soil microcosms to heat shocks of increasing magnitude (up to 
90°C) by microwaving for incremental durations. We then analyzed the result-
ing community composition by targeting 16S rRNA gene and gene transcripts 
in soil sampled shortly after the disturbance. Our selected methodologies 
allowed us to outline FRGs within the community, as the high temperatures 
obtained by microwaving presented a novel challenge for these microbes. 

Our hypotheses were a) the range of heat stresses will significantly affect 
bacterial community structure, favoring heat-tolerant taxa; and b) the changes 
induced in the community will be incremental along the microwave exposure 
gradient. Therefore, small doses are expected to trigger the natural response 
of the community to cope with the temperature shift (deterministic response), 
while larger doses will induce more drastic losses in diversity and total active 
population, as well as select for disturbance-tolerant species but in a variable 
and unpredictable manner (stochastic response). By providing the first in-
depth characterization of microbial FRGs, we take the first step towards a full 
understanding of the process of microbial responses to perturbation in soil. 

MATERIAL AND METHODS

SOIL CHARACTERIZATION 

Soil was collected from an acidic (pH ~5.4) sandy loam agricultural field locat-
ed in Buinen, the Netherlands (52°55’386”N, 006°49’217”E) (Dias et al., 2012; 
Pereira e Silva et al., 2012a, 2012b, 2013). The field is used for potato culti-
vation, with crop rotation involving non-leguminous plants (i.e. barley). The 
soil has an organic matter content of 3.6 ± 0.5% of dry weight soil. The site is 
characterized by a temperate climate with an average temperature of 8.9 °C 
and average rainfall of 781 mm/year, which is evenly distributed throughout 
the year (http://en.climate-data.org/location/106080/). Mean monthly tem-
perature extremes for the period of 1971-2012 were -0.8 °C and 23 °C (http:// 
worldweather.wmo.int/en/city.html?cityId=142; http://www.worldweatheronline. 
com/Nieuw-Buinen-weather-averages/Drenthe/NL.aspx). 
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MICROCOSM CONSTRUCTION AND DISTURBANCE TREATMENTS

For the construction of soil microcosms, 25 kg of bulk soil were obtained 
in April 2013 from the top 15 cm of four 2x2 m plots. In each plot, ten sub-
samples were obtained randomly using a spade. Soil was homogenized by 
sieving through a 4-mm mesh and stored for stabilization at 4 °C in partially 
open plastic bags for two months, during which soils were amended with 
100 mL water and homogenized twice by hand. 28 wide-necked 200-mL 
glass bottles were prepared with 50 g of soil at 60% water holding capacity, 
covered with loosely attached aluminum caps and allowed to stabilize for 
two weeks. 

Four flasks were kept undisturbed as controls, while the remaining 
24  flasks were exposed, in quadruplicates, to six doses of microwaving. The 
microwaving disturbance consisted of placing the microcosms without caps 
in an 800 watt microwave oven (R201ww Sharp, Utrecht, the Netherlands) at 
high intensity, arranged in a circle near the edge of the circular tray. Exposure 
doses of 15 sec, 30 sec, 1 minute, 2 min, 5 min, and 10 min were applied. Soil 
pH, temperature and moisture loss were measured for all samples (detailed 
protocol in Supplementary Information, S1). For practical reasons, a tempera-
ture stabilization period of two hours was applied before sampling for DNA 
and RNA extraction.

For RNA extraction, 2 g of soil were placed in 5 mL of LifeGuard Soil 
Preservation Solution (MoBio Laboratories, Carlsbad, CA, USA), incubated for 

~24 hours at 4 °C and shipped on dry ice to Copenhagen, Denmark, where ex-
tractions were performed 7 days after sampling. 

DNA AND RNA EXTRACTION AND REVERSE TRANSCRIPTION

DNA was extracted from 0.5 g of soil using the MoBio PowerSoil DNA extraction 
kit (MoBio Laboratories) following the manufacturer’s instructions with three 
additional 30-sec cycles of bead-beating (mini-bead beater, BioSpec Products, 
Bartlesville, OK, USA). The product was quantified and quality-checked by elec-
trophoresing DNA extracts on a 1% agarose gel alongside a 200 bp molecular 
weight marker (SmartLadder, Eurogentec, Brussels, Belgium). 

Total RNA was extracted using the RNA PowerSoil® Total RNA Isolation Kit 
(MoBio Laboratories) according to the manufacturer’s instructions. Extracts 
were re-suspended in 1 mM sodium citrate, quantified using a Quant-iT™ RNA 
AssayKit (range 5-100 ng; Invitrogen, Molecular Approaches, OR, USA) on 
a Qubit® 1.0 fluorometer (Invitrogen, by Life Technologies, Naerum, Denmark) 
and stored at -80°C. Samples with total RNA concentrations  < 20 ng/µL were 
discarded (S2). Products underwent an optimized DNase treatment using 
the DNA-free™ Kit (Ambion® RNA by Life Technologies™, Naerum, Denmark) 
protocol and then subjected to reverse transcription using the Roche re-
verse transcription kit (Roche, Hvidovre, Denmark) with random hexamers 
(100 µM; TAG Copenhagen, Denmark) (detailed protocols in Supplementary 
Information, S1). A 1:10 dilution of the obtained cDNA was used for PCR and 
qPCR amplifications in order to avoid inhibition. 

16S rRNA GENE COPY NUMBER QUANTIFICATION AND SURVIVAL 
CURVES

The number of 16S rRNA gene and transcript copies were assessed before and af-
ter exposure to the different disturbance doses and used to quantify the respons-
es to disturbance of the potentially active (cDNA) and whole (DNA) bacterial 
communities. Copy number quantification was performed using a LightCycler96® 
(Roche) with the primers EUB338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 
EUB518R (5’-ATTACCGCGGCTGCTGG-3’) (Haugwitz et al., 2014) targeting the V3 
region of the 16S rRNA gene allowing the amplification of a 215 bp fragment. 
Reaction mixtures of 20 µL consisted of 10 µL of 2x Brilliant III SYBR® Green 
QPCR Master Mix (Agilent Technologies, Santa Clara, CA, USA), 1 µL of each 
primer (10 µM), 2 µL of template (either DNA or cDNA in a 1:10 dilution to avoid 
inhibition) and water. PCR cycling conditions were as follows: 95 °C for 10 min, 
followed by 45 cycles of denaturation at 95 °C for 10 sec, annealing at 56 °C for 
10 sec, and extension at 72 °C for 13 sec, with a final melting cycle of 10 sec at 
95 °C, 60 °C for 60 sec and 97 °C for 1 sec; fluorescence was detected after an-
nealing. A standard curve was generated using a serial dilution of E. coli DNA 
from 102 to 106 copies/µL. Amplification efficiency (E) was calculated according 
to the equation: (E = 10−1/Slope − 1). For all runs, E = 98 − 103%, R2 = 0.99.
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Statistical analyses were performed using SigmaPlot 12.5 (Systat Software, 
Inc, San Jose, CA, USA). One-way ANOVA tests were done (α = 0.05) and Kruskal-
Wallis One Way Analysis of Variance on Ranks were performed when normality 
(Shapiro-Wilk test) was not achieved and/or variances were not equal. 

The number of gene copies g−1 of soil was log-transformed and a linear 
regression fit was performed on the exponential phase of the curve describ-
ing gene copies as a function of microwaving time in order to calculate the 
decimal reduction (D10) of the community using the equation 

amplification of a 215 bp fragment. Reaction mixtures of 20 μL consisted of 10 µL of 2x 

Brilliant III SYBR® Green QPCR Master Mix (Agilent Technologies, Santa Clara, CA, USA), 

1 µL of each primer (10 µM), 2 µL of template (either DNA or cDNA in a 1:10 dilution to 

avoid inhibition) and water. PCR cycling conditions were as follows: 95 °C for 10 min, 

followed by 45 cycles of denaturation at 95 °C for 10s, annealing at 56 °C for 10s, and 

extension at 72 °C for 13s, with a final melting cycle of 10 s at 95 °C, 60 °C for 60 s and 97 

°C for 1 s; fluorescence was detected after annealing. A standard curve was generated using a 

serial dilution of E. coli DNA from 102 to 106 copies/µL. Amplification efficiency (E) was 

calculated according to the equation: E = (10−1/𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 1). For all runs, 𝐸𝐸 = 98 −
103%, R2 = 0.99.  

Statistical analyses were performed using SigmaPlot 12.5 (Systat Software, Inc, San 

Jose, CA, USA). One-way ANOVA tests were done (α = 0.05) and Kruskal-Wallis One Way 

Analysis of Variance on Ranks were performed when normality (Shapiro-Wilk test) was not 

achieved and/or variances were not equal.  

The number of gene copies g-1 of soil was log-transformed and a linear regression fit was 

performed on the exponential phase of the curve describing gene copies as a function of 

microwaving time in order to calculate the decimal reduction (D10) of the community using 

the equation 𝐷𝐷10 = − 1
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 (Crowther, 1924).  

Spearman´s rank correlations between the number of 16S rRNA gene copies/ g soil and 

sample temperature, water loss and pH were performed using R 3.1.1 software (R Core Team, 

2014a) (Shapiro-Wilk normality test p≤0.05; S3).  

 

Sequencing of 16S rRNA gene transcripts and analysis 

cDNA, obtained from 10 ng of total RNA accordingly to the procedure described in S1, was 

used for 16S rRNA gene sequencing. The primers 341F (5’GTGCCAGCMGCCGCGGTAA-

3’) and 806R (5’GGACTACHVGGGTWTCTAAT-3’) (Sigma-Aldrich, Brøndby, Denmark) 

flanking the V3 and V4 regions of the 16S rRNA gene were adapted from Yu et al. (2005) 

and used to amplify a gene fragment of 460 bp (Yu et al., 2005). A detailed protocol of the 

library construction is available in Supplementary Information (S1). Paired-end sequencing of 

the 16S rRNA gene transcript amplicons was done using MiSeq reagent kit v2 (500 cycles) 

and a MiSeq sequencer (Illumina Inc., San Diego, CA, USA). 

Amplicon sequences were analyzed using qiime_pipe 

(https://github.com/maasha/qiime_pipe) with default settings, which performs sample 

 
(Crowther, 1924). 

Spearman´s rank correlations between the number of 16S rRNA gene cop-
ies/g soil and sample temperature, water loss and pH were performed using R 
3.1.1 software (R Core Team, 2014a) (Shapiro-Wilk normality test p ≤ 0.05; S3). 

SEQUENCING OF 16S rRNA GENE TRANSCRIPTS AND ANALYSIS

cDNA, obtained from 10 ng of total RNA accordingly to the procedure de-
scribed in S1, was used for 16S rRNA gene sequencing. The primers 341F 
(5’GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’GGACTACHVGGGTWTCTAAT-3’) 
(Sigma-Aldrich, Brøndby, Denmark) flanking the V3 and V4 regions of the 
16S rRNA gene were adapted from Yu et al. (2005) and used to amplify a gene 
fragment of 460 bp (Yu et al., 2005). A detailed protocol of the library construc-
tion is available in Supplementary Information (S1). Paired-end sequencing of 
the 16S rRNA gene transcript amplicons was done using MiSeq reagent kit v2 
(500 cycles) and a MiSeq sequencer (Illumina Inc., San Diego, CA, USA).

Amplicon sequences were analyzed using qiime_pipe (https://github.com/
maasha/qiime_pipe) with default settings, which performs sample demulti-
plexing, quality based sequence trimming, primer removal and paired-end 
reads assembly prior to a QIIME workflow (Caporaso et al., 2010b). Settings 
for paired-end mating were overlap length of minimum 50, maximum mis-
matches of 15 and a minimum quality of 30. Briefly, criteria for sequence 
trimming were (1) reads shorter than 200 bp, (2) average quality scores lower 
than 25, (3) maximum number of ambiguous bases and (4) six as maximum 
lengths of homopolymers. Chimera check was done with UCHIME (Edgar et al., 
2011) and Operational Taxonomic Units (OTUs) were picked at 97% sequence 

identity level. OTU representative sequences were selected by the highest 
abundance within the cluster and assigned to taxonomy using the RDP clas-
sifier, with a confidence threshold of 80%. The database used for annotation 
was produced using Biopieces (https://code.google.com/p/biopieces/) and 
consisted of a  lice of the Greengenes Feb2011 release (DeSantis et al., 2006) 
database corresponding to the V4 region of the 16S rRNA gene. Annotation 
tables were generated at the genus level and rarefied to 2500 counts using 
the rrarefy function of the vegan package (Oksanen et al., 2013) in R 3.1.1 soft-
ware (R Core Team, 2014a). Eliminated samples are listed in Supplementary 
Information (S2). 

Rarefaction curves (S4) and Alpha-diversity (Richness, Shannon’s diversity, 
Shannon’s evenness, and Chao-1) were calculated using the PAST software 
ver. 2.17 (Hammer et al., 2001). Differences in alpha diversity were determined 
using one-factor ANOVA (SigmaPlot 12.5) associated with a Z-score when the 
number of replicates was less than three (for 5 min of microwaving).

Analysis of beta-diversity was performed by multivariate analysis using 
the packages vegan, ade4 (Dray and Dufour, 2007), and made4 (Culhane et al., 
2002). Singleton taxa were removed from the datasets before further analyses 
as they may be the result of sequencing errors. 

Briefly, the rarefied and trimmed dataset was normalized by center and 
scaling and one Principal Component Analyses (PCA) was performed (us-
ing control samples as the initial dose). A pattern search was then applied 
to the PCA by grouping the samples accordingly to disturbance dose, using 
the Between Group Analysis method (BGA). The significance of the selected 
grouping factor was tested with a Monte-Carlo simulation (10,000 permuta-
tions). A paired group cluster analysis, using Bray-Curtis dissimilarity index 
(PAST ver. 2.17) was plotted alongside the BGA. 

ANOVA with a Benjamini-Hochberg FDR correction (STAMP v.2.0.5, Parks 
et al., 2014) was performed on each taxon in order to select the taxa exhib-
iting changes in abundance with increasing microwaving dose. As only two 
replicates were preserved for the 5-min dose, a Z-test comparing each of 
these replicates to all the other doses was performed. Here, taxa were only 
selected when the two-tailed P-value < 0.01 and the value (µ0) presented, at 
least by one of the 5-min replicates, was lower than the minimum or higher 
than the maximum found in the other doses. The selected taxa were plotted 
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in a heatmap of centered and scaled counts created using gplots (Warnes et 
al., 2015), vegan and rioja (Juggins, 2015), RcolorBrewer (Neuwirth, 2011), and 
SIMPER analysis was performed (Similarity Percentage) using Bray-Curtis dis-
similarity index in order to determine how much dissimilarity (in percentage) 
was explained by these taxa (PAST v. 2.17). 

Functional response groups (FRG), corresponding to groups of organisms 
which respond similarly to the increasing disturbance dose, were identified by 
cluster analysis (complete agglomeration method and bootstrapping 10,000 
times) on the centered and scaled counts of the selected taxa, using Euclidean 
distance and a cut-off of 7.5 (pvclust package; Suzuki and Shimodaira, 
2006). Average behavior of each FRG with increasing disturbance dose was 
 presented in a scatterplot.

To determine whether taxa within each FRG exhibited a phylogenetic signal, 
a phylogenetic tree was created using QIIME’s make_phylogeny.py (FastTree) 
and pruned using the package ape (Paradis et al., 2004). Phylogenetic distances 
between and within groups were calculated using picante (Kembel et al., 2010). 
Random groups of the same size of each FRG were included in order to con-
firm the results. The significance of phylogenetic signals was tested with 1000 
 within-FRGs permutations and presented in Supplementary Information (S5). 

RESULTS

PHYSICO-CHEMICAL EFFECTS AND QPCR RESULTS

Exposure to increasing microwave doses led to a temperature rise and a loss of 
soil moisture content (Kruskal-Wallis, p < 0.001; Figure 1). Soil pH was, in most 
cases, not affected by the treatment (Kruskal-Wallis, p = 0.06), but was signifi-
cantly higher after a 10 min exposure (T-test and Mann-Whitney, p < 0.05). 

In order to quantify the effects of microwaving on both the total and the po-
tentially active bacterial communities in soil, quantitative PCR of the 16S rRNA 
gene was performed using either DNA or cDNA as template (Figure 2). Longer 
exposures to microwaving resulted in successively fewer 16S rRNA gene cop-
ies, with the exception of low doses which presented an initial shoulder of 
higher numbers (Figure 2). Therefore, the survival curves obtained for both 

the total and the potentially active fractions of the bacterial communities re-
vealed a convex pattern, with a decimal decrease of 1−log (D10) in the number 
of gene copies after exposure to, respectively, 6.75 and 4.66 min of microwav-
ing (red dots in Figure 2). Copy numbers were significantly different between 
doses for both total and potentially active communities (Kruskal-Wallis, both 

Figures and Tables 

 
Figure 1. Effect of microwave dose on soil temperature, water and pH. Error bars 
represent standard error of average values (n=4). 
 
 

 
Figure 2.  Survival curves of the total (A) and the potentially active (B) soil bacterial 
communities after exposure to microwaving. The log-transformed number of gene and 
gene transcript copies g-1 of soil are plotted against the increasing disturbance dose.  D10 is 
represented by red dots in the charts and was calculated for doses from 15 sec to 5 min. Error 
bars correspond to standard error of average values (4 ≤ n ≤ 8). 
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Figure 1. Effect of microwave dose on soil temperature, water and pH. Error bars represent 
standard error of average values (n = 4).

Figure 2. Survival curves of the total (A) and the potentially active (B) soil bacterial commu-
nities after exposure to microwaving. The log-transformed number of gene and gene tran-
script copies g−1 of soil are plotted against the increasing disturbance dose. D10 is represented by 
red dots in the charts and was calculated for doses from 15 sec to 5 min. Error bars correspond 
to standard error of average values (4 ≤ n ≤ 8).
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with p ≤ 0.001). Both temperature and water loss were negatively correlated 
with the total and potentially active bacterial communities (rho ≤ -0.51 and 

-0.37; p ≤ 0.05 and p ≤ 0.09 respectively; S3).

16S rRNA GENE TRANSCRIPT ANALYSIS

In order to estimate the tolerance ranges of community members, 16S rRNA 
amplicon sequencing was performed on the cDNA. A total of 407,871 reads 
was assembled and quality-checked reads secper sample varied from 2,888 
to 47,633 (S2). Samples excluded or lost during experimental procedures are 
listed in S2. 

No significant differences in alpha diversity were detected between the 
control, 15-sec, 30-sec, 1-min, and 2-min doses (Figure 3, ANOVA, p > 0.05); 

Figure 3. (A) Total taxa, (B) Shannon’s Richness, (C) Evenness, and (D) Chao-1 indices. Indices 
were calculated from 16S rRNA molecule sequencing results for the different microwaving dos-
es. Error bars represent standard error of average values (2≤n≤4).

Figure 4. Structure of the bacterial communities on the basis of rRNA copies. 2D representa-
tion of between-group analyses (BGA) obtained from principle component analysis of centered 
and scaled data using the different doses of microwaving as grouping factors (A). BGA ratio and 
respective p-values were determined by Monte-Carlo simulation using 10,000 permutations. 
Constrained cluster analysis of 16S rRNA gene transcripts sequencing results obtained before 
and after exposure to microwaving, using the Bray-Curtis dissimilarity index and stacked hori-
zontal bars depicting the abundance of the taxa present in each sample (B). Separation between 
samples is the result of differences at genus level in the relative abundances of the taxa present. 
Colors in the stacked horizontal bars (B) correspond to the phylum level classification of each 
taxon, with exception of Proteobacteria which were classified to class level. Stars represent the 
significance of the differences found in the phylum abundance: (*) 0.05 ≤ p-values < 0.01; (**) 
0.01 ≤ p-values < 0.001; (***) p-values ≤ 0.001.
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however a significant decrease in diversity and an increase in variability was 
detected after a 5 min exposure (Figure 3, Z-test, p < 0.001). 

Moreover, the heat doses had a strong effect on the soil bacterial commu-
nity structures, with different community structures resulting from increasing 
exposure (Figure 4). The BGA showed that the first axis (43.3%) separated the 
control and all other doses from the 5 min dose, while the second axis (20.1%) 
showed a gradual effect of increasing microwave doses on the community 
structures (Figure 4, panel A; BGA inertia ratio = 0.34; Monte-Carlo simulation 
p = 0.0001). This gradual change in structure with increasing dose, followed by 
a drastic change after 5 min of exposure, was also visible in the cluster anal-
ysis and in the analysis of abundance at phylum level (Figure 4, panel B). The 
relative abundance of Actinobacteria decreased with increasing microwav-
ing dose while Firmicutes decreased their relative potential activity with the 
lower doses but increased it at the highest doses (Figure 4, panel B; ANOVA, 
p < 0.05). Proteobacteria and Alphaproteobacteria presented the opposite 
pattern of Firmicutes, increasing their relative potential activity with lower 
doses and decreasing it at the highest microwaving dose (Figure 4, panel B; 
ANOVA, p < 0.05).

FUNCTIONAL RESPONSE GROUP (FRG) ANALYSIS

The relative potential activity of 76 taxa at the highest identified level - repre-
senting 86.6% of the total community - changed significantly with increasing 
microwaving doses (ANOVA, p < 0.05 and Z-test, p < 0.01). These 76 taxa were 
responsible for 83.9% of the dissimilarity between the doses (SIMPER, Bray-
Curtis dissimilarity index; Figure 5). 

These taxa were classified into four functional response groups (FRGs), ac-
cording to their tolerance ranges to microwave heating. These FRGs showed 
a progressive shift from an Actinobacteria- to a Proteobacteria- and finally 
Firmicutes-dominated community (Figures 4 and 5). The FRGs were phylo-
genetically conserved at the phylum level (p = 0.001; S5) with the exception 
of FRG2, whose observed mean pairwise distance (MPD) was higher than 
the one obtained by chance, suggesting a random grouping of the taxa 
(p = 0.969; S5). Even though the mean nearest taxon distance (MNTD) for FRG2 

Figure 5. Heat map plotting the relative abundances of the 76 taxa based on 16S rRNA tran-
scripts differing significantly between microwaving doses. P-values were determined using 
ANOVA (α = 0.05; Benjamini-Hochberg correction) associated with a Z-test (α = 0.01) and data are 
centered and scaled to the average of each taxon abundance. Microwaving dose increases from the 
left (control – green) to the right (5 min microwaving – dark red) and each vertical bar corresponds 
to a sample. Sample clustering (constrained average agglomeration method) and SIMPER analy-
sis were based on Bray-Curtis dissimilarity index while centered and scaled taxa clustering were 
based on Euclidean distance (complete agglomeration method; bootstrap = 10,000). Functional 
response groups (FRG) were identified using a distance cut-off of 7.5 and are represented in the 
lateral dendrogram by colorful branches. All tests were based on rarefied data (2500 sequences).
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was significant, the obtained value (0.49; p = 0.001) was still very close to the 
one simulated by the null model (0.51), further highlighting its lower phylo-
genetic coherence (S5). These results support the diversity analyses, showing 
a conservation of the response trait at the phylum level, especially for FRG3 
and FRG4 (Figure 5).

FRG1 (25.9% of the total abundance), which contained diverse genera such 
as Arthrobacter, Mycobacterium, Solirubrobacter, Acidisoma, and the nitrifying 
Nitrospira constituted the most sensitive group, showing a progressive de-
cline in the relative abundance of 16S rRNA copies with increasing exposure 
doses (Figure 6). FRG2 and FRG3 (representing 40.9% and 4.4% of the total 
abundance, respectively) contained individuals with intermediate sensitivity 
to heat, exhibiting the highest potential activity at lower doses and decreas-
ing after prolonged exposure (Figure 6). 

FRG2, which included e.g. Niastella, Phenylobacterium, Rhodanobacter, 
Rhodoferax, and ammonia-oxidizing Nitrosospira, showed a higher sensitivi-
ty to temperatures above 36 °C (30 sec of exposure) while members of FRG3 
exhibited a broader tolerance range (~21-66 °C), with a decrease in 16S rRNA 
copies only after 2 min exposure, which was also connected to a significant 
loss of water.

FRG4 (representing 15.4% of the total taxa abundance) corresponded to 
the most resistant organisms, showing relatively high 16S rRNA production at 
the largest dose (Figure 6), and including genera such as Bacillus, Clostridium, 
Rhizobium and Ruminococcus.

DISCUSSION AND CONCLUSIONS

Conceptualizing the resistance of microbial communities to environmental 
change as a function of individual tolerance ranges is the basis for under-
standing microbial community adaptation under ever-changing environmen-
tal conditions. To this end, we applied incremental doses of heat stress to soil 
microcosms in order to discriminate bacterial FRGs and shed light upon how 
the soil bacterial community is structured by disturbance.

MICROWAVING DOSE RESPONSE AND RNA RESOLUTION

Microwaving had a pronounced effect both on the bacterial population size 
and composition, leading to 90% loss amongst the potentially active commu-
nity after 4.66 min of exposure (Figures 2 and 4). These results are in accor-
dance with the literature, which reports a general decrease in the number of 
microorganisms with increasing microwaving doses (Boer et al., 2003; Speir 
et al., 1986; Vela and Wu, 1979; Velikonja et al., 2014; Wainwright et al., 1980), 
but also some degree of resistance at up to 6 min of exposure (1000 watt 
microwave-oven; Wainwright et al., 1980). The convex shape of the survival 
curves (Figure 2) indicated a typical inactivation behavior of the bacterial soil 

Figure 6. Effects of microwaving doses on the tolerance ranges of the four identified func-
tional response groups (FRGs). Dashed color lines show the average behavior of 76 taxa sig-
nificantly affected by microwaving doses (ANOVA with Benjamini-Hochberg correction, α = 0.05; 
Z-test, α = 0.01), grouped in four FRGs accordingly to a cut-off of 7.5 in the cluster analysis of the 
centered and scaled number of counts (complete agglomeration method; bootstrap = 10,000). 
FRGs represent the three main strategies adopted by the soil bacterial communities when ex-
posed to microwaving: perish (FRG1 - green); be enhanced by low/middle intensity doses and 
perish with high (FRG2 and FRG3 – respectively light blue and blue) and resistant communities 
relatively enhanced only by high doses (FRG4 - red). Values  > 0 correspond to an amount of 
16S rRNA gene transcripts higher than the average obtained for that FRG, while values  < 0 cor-
respond to an amount of 16S rRNA gene transcripts lower than that same average. Error bars 
represent standard error of average values (n = 4 in A and 2 < n < 4 in B).
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community (S6; Bazin and Prosser, 1988), corresponding to the existence of 
different levels of sensitivity within the same community. In order to exclude 
the possibility of acclimation to the disturbance in the soil’s legacy, we select-
ed a disturbance which was novel to the system. The low degree of resistance 
at minimal doses and highly significant effect thereafter confirm the novelty 
of the disturbance to the community. 

A larger D10 value was estimated from DNA compared to RNA, which can 
be attributed to the higher stability of DNA (Berg et al., 2002; Lindahl, 1993) 
and also the probable accumulation of DNA released from dead cells, as the 
temperature range applied here was most likely insufficient to fully destroy 
DNA molecules (Marguet and Forterre, 1994; Thiel et al., 2014). In the time fol-
lowing the heat shock, we expect that DNA from dead cells would have been 
gradually digested by DNases, and the speed of this digestion may depend on 
a range of factors, including pH, water availability, and soil type. 

cDNA-based qPCR proved to be more sensitive than DNA-based qPCR in 
detecting the response patters of the bacterial communities when exposed 
to different doses of microwaving. The bacterial response seen at 15 sec of 
exposure was much more pronounced at the RNA level and also showed 
a much higher variability (Figure 2). The use of microbial inactivation ap-
proaches (Botelho et al., 2007; Garcia-Gonzalez et al., 2007; Nunes et al., 2012, 
2013; Parmegiani et al., 2010) in combination with specific qPCR proved to be 
a powerful tool which can be easily applied to other stresses in controlled ex-
periments, addressing climate change or the impact of xenobiotics.

COMMUNITY DIFFERENTIAL RESPONSES AND TOLERANCE 
BEHAVIORS

Knowing that microwaving was acting as a significant stress and that RNA al-
lowed a better insight to this differential response than DNA, we used cDNA 
amplicon sequencing to identify FRGs with different sensitivity to heat. We 
grouped the bacteria in the community according to their individual toler-
ance ranges (FRGs) rather than according to taxonomy; this resulted in four 
FRGs. We found a progressive change in bacterial community with increasing 
exposure, from a predominance of Actinobacteria (FRG1) to a predominance 

of Proteobacteria (FRGs 2 and 3), and then of Firmicutes (FRG4) for larger dos-
es (Figures 4 and 5).

FRG1, corresponding to the most sensitive fraction of the community, ac-
counted for 26% of the total abundance (Figure 6). According to the literature, 
the taxa grouped in FRG1 (e.g. Arthrobacter, Solirubrobacter, Acidisoma, and 
Nitrospira) are non-spore-formers with low resistance to high temperatures 
(Belova et al., 2009; Funke et al., 1996; Jones and Keddie, 2006; Singleton et al., 
2003; Watson et al., 1986). 

FRG2 included mesophilic genera (i.e., Niastella, Nitrosospira, Phenylobacterium, 
and Rhodanobacter; Eberspächer and Lingens, 2006; Head et al., 1993; Nalin et al., 
1999; Weon et al., 2006, Figure 5), whose reported optimal growth temperature 
range was reached within the first 30 sec of exposure (~30-35 °C, Figure 1). On the 
other hand, FRG3 had an apparent broader heat tolerance range, with members 
surviving a 2- min exposure (~66 °C, Figures 1 and 6). Many members of FRG3 are 
thermotolerant (e.g. Brevundimonas and Caulobacteraceae). Deinococcus, also 
a member of FRG3, is known for having species with very effective DNA repair 
systems conferring high resistance to temperature, ionizing radiation and desicca-
tion (Slade and Radman, 2011). 

Soil microbial communities are known to react rapidly to sudden environ-
mental changes as long as moisture levels are above a minimum (~10% WHC), 
as was the case in our experiment. For instance, it has been shown that mi-
crobes respond within less than half an hour to soil rewetting (Iovieno and 
Bååth, 2008; Meisner et al., 2013, 2015). Thus, in the two hours after the heat 
shock, it is likely that members of FRG2 and FRG3 also benefitted from the re-
lease of nutrients by the heat-sensitive cells, and/or from nutrients released 
from disrupted soil aggregates (Figures 5 and 6). Indeed, FRG2 and FRG3 also 
contained taxa with peculiar nutrient spectra. For instance, Phenylobacterium, 
Niastella and Rhodanobacter (FRG2) harbor representatives with the ability 
to hydrolyze complex compounds, such as phenyl compounds, chitin, car-
boxymethyl cellulose, or lindane (pesticide) (Lingens et al., 1985; Weon et al., 
2006; Zhang et al., 2010b). Taxa belonging to the family Sphingomonadaceae 
(Sphingomonas; FRG3) are capable of degrading xenobiotic substances (Ederer 
et al., 1997). Individuals from the Hyphomicrobium genus (FRG3) are meth-
ylotrophs capable of using 1-C compounds (Holm et al., 1998; Rainey et al., 
1998; Urakami et al., 1995) and Lysobacter spp. (FRG3) are capable of degrading 
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complex polysaccharides like chitin (Jacquiod et al., 2013) or carboxymethyl-
cellulose. These genetic capacities may provide a significant fitness boost, as 
a wide nutritional spectrum would allow members of FRG 2 and 3 to take ad-
vantage of complex resources being released from soil disaggregation, solubi-
lization of compounds in the warmed soil water, and FRG1 dead cell’s content. 

The survival patterns of FRG1-FRG3 at low doses of heat stress (15 sec to 
2 min, up to 66 °C; Figure 2) may be due to extant tolerance mechanisms, 
which help bacteria to cope with short temperature rises in soil (e.g. through 
the production of heat-shock proteins or stabilizing solutes, Holden et al., 
1999). At higher temperatures, it is likely that more specialized adaptations, 
such as DNA repair mechanisms and spore formation, would be necessary. 
Indeed, FRG4, which accounted for 15.4% of the original community, con-
tained the most heat-resistant taxa. This group included bacterial genera with 
known heat-resistant members, mostly from Firmicutes (Figure 5). Among 
them, the Gram-positive, endospore-forming Bacillus and Clostridium genera 
are known for their capability to form endospores that confer resistance to 
both heat and desiccation (Vos et al., 2009). Rhizobium sp., which is a Gram-
negative, non-spore-forming, nitrogen-fixing genus was also present at high 
temperatures, in accordance with previous findings (Nelson, 1996). FRG4 con-
tained genera which exhibited increases in relative abundance in the 5 min 
dose, but their response was highly variable. RNA was retrieved from only two 
of the four exposed samples, and those two showed quite different abun-
dance patterns for some taxa (Figure 5). This suggests a stochastic response 
of the FRG4 community, probably dependent on the physiological state/phe-
notype of the taxa when exposed to this high disturbance dose, which is in 
accordance with our original hypothesis.

An important aspect of soil bacterial adaptation is dormancy, which is 
known to be associated with 16S rRNA gene transcript accumulation prior to 
entering latency life-style (Blazewicz et al., 2013). Indeed, we suspect that bac-
terial spores may have played a role in our study, especially within the FRG4: 
endospore germination by microwaving has been previously reported for 
Bacillus, Clostridium and other genera within Firmicutes (Ammann et al., 2011; 
Aslan et al., 2008; Pellegrino et al., 2002; Vaid and Bishop, 1998) so the detect-
ed increase in the relative abundance of 16S rRNA molecules assigned to the 
Firmicutes in FRG4 may reflect the transcriptional activity of growing survivors 

benefiting from nutrient profusion and available open niches left behind by 
sensitive members from FRG1-FRG3.

FUNCTIONAL RESPONSE GROUPS AND MICROBIAL COMMUNITY 
RESPONSES TO DISTURBANCE 

Given the predicted changes in global climate patterns (IPCC, 2013), intensi-
fication of anthropogenic pressures (Millenium Ecosystem Assessment, 2005), 
and the crucial role of the soil ecosystem in terrestrial nutrient cycles, the 
maintenance of soil ecosystem services is of utmost importance (Smith et al., 
2016). In order to understand how the soil microbial community’s functions, 
responsible for these services, respond to disturbance, it is necessary to first 
resolve how disturbances initially restructure microbial communities. 

In our experiment, we found that increasing doses of heat stress result in 
incrementally different communities. We used the presence along this heat 
gradient to estimate individuals’ tolerance ranges, and grouped them accord-
ing to their response patterns, and found that most FRGs exhibited a positive 
phylogenetic signal, in accordance with the notion of ecological coherence 
of high taxonomic ranks (Philippot et al., 2010). In a similar vein, Lennon and 
colleagues mapped the “niche space” of a range of soil microorganisms to in-
creasing soil moisture contents, and found that tolerance to soil moisture was 
phylogenetically conserved at a phylum level (Lennon et al., 2012). In contrast 
to their experiment, we used a natural soil microbial community, whose diver-
sity is several orders of magnitude greater than those possible in culture-based 
studies. Accordingly, it is likely that complex interactions arose within the two 
hours following disturbance, which we did not directly measure but affected 
the observed outcome. This is supported by the large percentage of taxa in 
FRG 2 and FRG3 which can degrade complex molecules. Notably, the replica-
bility of our results decreased with increasing doses of heat stress: low distur-
bance doses (15 sec to 2 min) exhibited low variability, while high disturbance 
doses (5 min) triggered a highly variable response in community composition, 
suggesting an increased level of stochasticity. According to the bet-hedging 
theory, the existence of different phenotypes within a community living in 
a given environment increases the probability of survival in case of a novel 
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or unprecedented disturbance, resulting in variable stochastic responses 
(Beaumont et al., 2009; Cohen, 1966). It is possible that higher temperatures 
placed more pressure on few potentially tolerant taxa, whose tolerance de-
pended on their physiological state, as has been previously suggested (Rajon 
et al., 2014). No RNA was extracted at the highest disturbance dose (10 min), 
suggesting the collapse of the community. While collapses or thresholds in 
soil microbial community responses to disturbance are not often observed 
due to the rapid turnover rates and high diversity found in the system, our 
findings align with those of Kim and colleagues, who re-introduced soil micro-
bial communities into sterile soils at a range of frequencies (every 7-56 days) 
and found that the community composition gradually shifted with increasing 
re-inoculation frequencies, but collapsed at the highest frequency (7 days, 
Kim et al., 2013). 

Our results provide a first glimpse of the immediate responses of soil mi-
crobial communities to heat disturbance, as well as insight into how func-
tional redundancy may serve to maintain ecosystem function in the face of 
environmental change. For example, among the four FRGs identified in this 
study, three contained nitrogen-fixing bacteria. The heat-sensitive FRG1 was 
dominated by Actinobacteria and included Arthrobacter spp., which contain 
members that are potential nitrogen-fixing displaying nutritional versatility 
(Funke et al., 1996; Jones and Keddie, 2006). Within FRG2, Bradyrhizobium is 
known to be capable of fixing nitrogen. Finally, FRG4 contained Rhizobium, 
which can fix nitrogen (Vos et al., 2009). Thus, for a range of heat disturbanc-
es, even at very high temperatures, there would still be some community 
members able to fix nitrogen. Nitrogen fixation, however, is quite common 
among soil bacteria (van Elsas et al., 2006a). In direct contrast, nitrifiers such 
as Nitrospira, which also play a crucial role in the nitrogen cycle, were found 
only in FRG1, suggesting that the soil’s ability to convert ammonia to nitrite 
and on to nitrate would be compromised even at the lower doses. Thus, the 
immediate effect of disturbance on soil community function is indeed highly 
dependent on the type of function in question(Schimel, 1995a). 

By focusing on the immediate responses of the community to disturbance, 
we provided an in-depth analysis of microbial community resistance. An out-
standing question is how these altered communities recover, and whether the 
altered community compositions affect the course of recovery. 
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ABSTRACT

The response of bacterial communities to environmental change may affect 
local to global nutrient cycles; however the dynamics of these communities 
following disturbance are poorly understood, are evaluated over macro- 
ecological time scales, and are generally attributed to abiotic factors. We 
subjected soil microcosms to a heat disturbance and followed the commu-
nity composition of active bacteria over 50 days. The disturbance imposed 
a strong selective pressure that persisted for up to 10 days, after which the im-
portance of stochastic processes increased. However, phylogenetic turnover 
patterns indicated that biotic interactions shaped the community during re-
covery. Three successional stages were detected: a primary response in which 
surviving taxa increased in abundance; a secondary response phase during 
which community dynamics slowed down, and a stability phase (after 29 days), 
during which the community tended towards its original composition. Soil 
bacterial communities, despite their extreme diversity and functional redun-
dancy, thus respond to disturbances like many macroecological systems and 
exhibit path-dependent, autogenic dynamics during secondary succession. 

INTRODUCTION

Soil microbes are essential components of ecosystems due to their contribu-
tion to global nutrient cycles. Disturbance effect is of central concern due to its 
potential to alter the functional capabilities of soil, and has been the subject 
of much research (Deng, 2012; Griffiths and Philippot, 2012). Previous studies 
have revealed that bacterial community recovery follows many of the general 
patterns observed in macro ecology, such as positive diversity-resilience and 
diversity-resistance relationships (Girvan et al., 2005; Mallon et al., 2015; Tardy 
et al., 2014). However a tendency to focus on single, end-point measurements 
of the recovering community has hampered a comprehensive understanding 
of the post-disturbance dynamics of bacterial communities during recovery, 
including the mechanisms controlling these dynamics. Importantly, the role 
that biotic interactions—or autogenic factors (Tansley, 1935)—may play in 
driving these dynamics has remained largely unexplored for microorganisms.

Microbial disturbance-recovery studies have generally relied on the as-
sumption that the community will tend towards its pre-disturbance state, 
and resistance and resilience are measured as the immediate changes to the 
community resulting from the disturbance, and as the long-term ability of the 
system to return to its pre-disturbance state, respectively (Orwin and Wardle, 
2004). However, a recent meta-analysis showed that microbial communities 
often do not recover to pre-disturbance levels within the wide range of exper-
iments considered (Shade et al., 2012). In this case, it is impossible to deter-
mine whether the system is still recovering or has recovered to an alternative 
stable state. Disturbances may exert constant, long-term abiotic pressures 
on the community, or they may be transient (pulse disturbance, (Shade et al., 
2012)). While a transient disturbance can induce major changes in abiotic pres-
sures—affecting microbial communities in the short term—it can also induce 
longer-term cascading effects driven by biotic interactions and/or stochastic 
processes. In particular, previous studies have suggested that microbial com-
munity recovery is largely dependent on the community’s history, or legacy 
(Cabrol et al., 2015; Hawkes and Keitt, 2015; Keiser et al., 2011; Strickland et al., 
2009a, 2009b). Therefore, in addition to characterizing the degree of return 
to an undisturbed state, it is equally important to understand the temporal 
dynamics of microbial communities following disturbance. 



CH
A

PT
ER

 4
: A

U
TO

G
EN

IC
 S

U
CC

ES
SI

O
N

 D
RI

VE
S 

D
ET

ER
M

IN
IS

TI
C 

RE
CO

VE
RY

 F
O

LL
O

W
IN

G
 D

IS
TU

RB
A

N
CE

 IN
 S

O
IL

 B
A

C
TE

RI
A

L 
CO

M
M

U
N

IT
IE

S

76 77

4

Moreover, mechanisms underlying the dynamics of secondary succession 
are poorly understood in bacterial communities (Hawkes and Keitt, 2015; 
Nemergut et al., 2014), but have a long been studied for macroecological sys-
tems. Ecological theory regarding secondary succession posits that following 
disturbance, sequences of organisms colonize niche space made available 
by mortality of disturbance-sensitive taxa, leading eventually to a  commu-
nity that may differ substantially from both the pre-disturbance and initial 
post-disturbance communities (Drury and Nisbet, 1973). Autogenic succes-
sion is largely mediated by direct or indirect competition for niche space, 
coupled with changes in the environment resulting from the colonization, as 
well as stochastic factors such as ecological drift and dispersal (Vellend, 2010). 
Autogenic secondary succession has been extensively explored in macroecol-
ogy, particularly for primary producer communities (Drury and Nisbet, 1973). 
For example, in the abandonment of an agricultural field, competition for 
light triggered by disturbance led to the favoring of tall-growing vegetation 
and the local extinction of the initial short-growing vegetation (Jensen and 
Schrautzer, 1999). 

Recent studies suggest that bacterial dynamics are deterministic and 
largely driven by individuals’ traits (Nemergut et al., 2015). For example, a soil 
bacterial community inoculated into media at five different nutrient con-
centrations (representing nutrient availability along a successional gradient) 
showed that distinct and predictable communities formed, depending on 
both nutrient concentration and time (Song et al., 2015). Similarly, in a study 
of bacterial recovery dynamics after rehydration, a sequential increase of dif-
ferent groups of bacteria was observed, but whether the successional dynam-
ics themselves played a role in the resulting sequence was unknown (Placella 
et al., 2012). Taken together, these studies imply a degree of directionality in 
bacterial community succession, but the relative importance of stochasticity 
and determinism in driving post-disturbance dynamics of bacterial communi-
ties remain to be studied. 

Here, we studied the recovery of soil bacterial communities in a controlled 
microcosm experiment in which soils were subjected to a disturbance in the 
form of a single heat shock and subsequently monitored over 50 days. Our 
primary aim was to examine the successional trajectory of bacterial communi-
ties following a disturbance, and evaluate the role of autogenic succession in 

driving changes in community composition. We hypothesized that following 
disturbance bacterial community dynamics would proceed in stages, initial-
ly determined by individuals’ tolerance to disturbance, and later determined 
by their ability to colonize open niche space, similar to the successional niche 
hypothesis in macroecology (Pacala and Rees, 1998). Thus, while disturbance 
would depress the abundance of sensitive organisms (which we term direct 
effects of the disturbance), the ensuing dynamics could result in a decrease 
in populations of resistant taxa and emergence of other taxa (indirect effects). 
An alternative hypothesis is that given extreme diversity and functional re-
dundancy in bacterial systems, colonization may be phylogenetically stochas-
tic (Stegen et al., 2012), suggesting no relationship between phylogenetically 
conserved adaptations and the ability of organisms to dominate a community 
at a particular point in time.In this case, the niche space made available by 
the disturbance would be randomly occupied, showing no patterns over time. 
Our results show that secondary succession in soil bacterial communities is 
similar to that of macroecological systems: it occurs in stages, and is largely 
prompted by biotic, or autogenic factors. 

MATERIALS AND METHODS

SOIL COLLECTION

Sandy loam soil (soil-water pH 5.04) was collected from the top 15 cm of 
a well-characterized agricultural field in Buinen, The Netherlands (52°55’N, 
6°49’E) from four (2x2 m) plots in April 2013 (Pereira e Silva et al., 2011, 2012b). 
Following collection, soils were homogenized by sieving through a 4 mm sieve, 
moisture was adjusted to 65% water holding capacity (~58% in the field) with 
sterile water, and soils were allowed to stabilize for one month at 4 °C.

MICROCOSMS

For this experiment, a total of 120 microcosms were established by adding 
50 g of fresh soil to 200 mL glass jars and covering them with a loose aluminum 
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foil cap. Microcosms were maintained at 21 °C in a temperature and light-con-
trolled greenhouse, and partially shielded from light by a single sheet of paper. 
Soils were allowed to stabilize in the microcosms for two weeks prior to the 
beginning of the experiment. Soil moisture was monitored and maintained 
weekly for the duration of the experiment. The duration of the heat shock was 
selected after recording the effects of increasing durations of microwave heat-
ing (15 sec to 10 min) on the total copies of 16S rRNA transcripts, soil tempera-
ture, pH, and moisture loss, in order to generate a loss of between 33% and 
57% of 16S rRNA transcripts (data available in Supplementary Information, S1). 
The heat shock was administered by placing each uncovered jar in an 800 watt 
microwave oven (R201ww Sharp, Utrecht, the Netherlands) for 90 seconds and 
heating to maximum intensity. Each jar was immediately adjusted for moisture 
loss and covered. To monitor the stability of undisturbed microcosms, we sam-
pled 5 additional, control microcosms for each time point presented (T1-49) 
and measured their community composition (available in Supplementary 
Information, S2).

Fifteen microcosms were randomly chosen and harvested destructively at 
6 time points: immediately before disturbance (T0), and at 1, 4, 10, 18, and 
24 days after disturbance (T1-T24). In addition, five microcosms were destruc-
tively harvested at 25, 29, 35, 42 and 49 days after disturbance (T25-49). Five 
non-treated, control microcosms were also sampled at the end of the exper-
iment (C49), leading to a total of 120 microcosms. However, all samples from 
T35 and T42, as well as 7 other samples were excluded from further analyses 
according to rarefaction and quality control standards, resulting in 103 sam-
ples (see Supplementary Information, S3). 

DNA AND RNA EXTRACTION 

DNA was extracted from 0.5 g of fresh, mixed soil using the MoBio PowerSoil 
DNA Extraction Kit (MoBio Laboratories, Carlsbad, CA, U.S.A.) following the 
manufacturer’s instructions, with three additional rounds of bead-beating for 
30 sec (mini-bead beater, BioSpec Products, Bartlesville, OK, U.S.A). Extracted 
products were run on a 0.8% agarose gel with a SmartLadder (Eurogentec, 
Liege, Belgium) to estimate the concentration and band-size for each sample. 

For RNA extraction, 2 g of soil per sample were incubated for 24 hours 
at 4°C in 5 mL of LifeGuard Soil Preservation Solution (MoBio Laboratories, 
Carlsbad, CA, USA), frozen, and extracted 7 days after sampling using the 
RNA PowerSoil Total RNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) 
according to the manufacturer’s instructions. Extracts were re-suspended 
in 1 mM sodium citrate, quantified using a Quant-iT™ RNA AssayKit (range 
5-100 ng; Invitrogen, Molecular approaches, OR, USA) on a Qubit® fluorometer 
(Invitrogen, by Life Technologies, Nærum Denmark) and frozen at -80°C. Ten 
samples which contained total RNA concentrations < 20 ng µL−1 were discard-
ed (Supplementary Information, S3). DNA was removed from each sample 
using the DNA-free™ Kit (Ambion®, by Life Technologies™, Nærum, Denmark) 
following manufacturer’s instructions and RNA was subsequently converted 
to cDNA using the Roche reverse transcription kit (Roche, Hvidovre, Denmark) 
with Random Hexameres (100 µM; TAG, Copenhagen, Denmark). Protocols are 
detailed in Supplementary Information, S4. 

16S rRNA GENE COPY NUMBER AND TRANSCRIPT QUANTIFICATION

The numbers of 16S rRNA gene copies in the DNA and cDNA of each sample 
were used to estimate the numbers of bacterial cells and transcripts in the 
recovering communities. Copy number quantification targeting the 264-bp 
V5-V6 region of the 16S rRNA gene (primers 16SFP/16SRP (Bach et al., 2002) 
was performed on an ABI PRISM 7300 Cycler (Applied Biosystems, Foster City, 
CA, U.S.A) as previously described (Pereira e Silva et al., 2012a).

Each 25 µL reaction mixture contained 12.5 µL SYBR Green PCR Master Mix 
(Applied Biosystems, Foster City, CA, U.S.A.), 0.5 µL 20 mg mL−1 bovine serum 
albumin (Roche Diagnostics GmbH, Mannheim, Germany), 2 µL each of for-
ward and reverse primers (10 mM), and 1 µL template DNA/cDNA at a con-
centration of 10 ng µL−1. Cycling conditions were as follows: 95 °C for 10 min, 
followed by 39 cycles of denaturation at 95 °C for 20 sec, annealing at 62 °C 
for 60 sec, and extension at 72 °C for 60 sec. Fluorescence was detected after 
each annealing step. Product specificity was confirmed by melting curve anal-
ysis and checked on a 1.5% agarose gel. For each sample, gene copy number 
and transcript number were calculated from the DNA and cDNA respectively, 
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using a  standard curve spanning six orders of magnitude (102-108) as refer-
ence. The standard curve was generated using serial dilutions of plasmids 
containing a 16S rRNA gene cloned from a Burkholderia sp. For all runs, ampli-
fication efficiency ranged between 97.5-99%, and R2 of the serial dilutions was 
always greater than 97%. All data are shown as log gene copy number g−1 soil 
or log transcript number g−1 soil. 

16S rRNA TRANSCRIPT SEQUENCING AND PROCESSING

cDNA obtained from 10 ng of total RNA was used for 16S rRNA gene transcript 
sequencing. A gene fragment of 460 bp flanking the V3 and V4 regions of the 
16S rRNA gene was amplified using primers 341F and 806R (Berg et al., 2012; 
Yu et al., 2005). Sequencing of the amplicons was performed using MiSeq 
reagent kit v2 (500 cycles) on a MiSeq sequencer (Illumina Inc., San Diego, 
CA, U.S.A). Additional information regarding sequencing conditions and 
processing methods is provided in Supplementary Information (S4). Briefly, 
paired end reads were merged and trimmed using Biopieces (www.biopiec-
es.org) and UPARSE (Edgar, 2013). OTUs were clustered and their abundances 
were calculated using USEARCH (Edgar, 2010). OTUs were chimera-checked 
with UCHIME against the Greengenes 2011 database (DeSantis et al., 2006). 
Singleton OTUs were removed. Following quality checking and trimming, we 
obtained 4 364 988 sequences with an average of 39 896 reads per sample 
(a range of 505 to 130 033 reads per sample). 

STATISTICAL ANALYSES

16S rRNA transcript sequences were used to evaluate the community compo-
sition of the active fraction of the bacterial community. Community analyses 
were carried out in R 3.2.3 (R Core Team, 2014b) using the vegan (Oksanen 
et al., 2007) and Phyloseq (McMurdie and Holmes, 2013) packages. Amplicon 
sequences were rarefied to an even depth of 3500 reads per sample for all 
downstream analyses. The rarefied dataset contained 3 826 OTUs, distributed 
over 103 samples.

The number of OTUs per sample was used as a measure of richness, and 
evenness was calculated using Pielou’s evenness index. To detect changes in 
α-diversity and the abundances of dominant phyla relative to the undisturbed 
soil, Kruskal-Wallis and post-hoc Tukey Nemeyi tests from package PMCMR 
(Pohlert, 2014) were performed. In the case of ties, χ2 were used instead of 
Tukey. Time series were fitted with lowess curves in order to detect temporal 
trends. To evaluate changes in community composition over time, Principle 
Coordinates Analysis (PCoA) of weighted Unifrac distances was performed, 
and temporal patterns were quantified with a PERMANOVA using package 
RVAideMemoire (Hervé, 2012).

To identify successional groups (i.e. similarly responding taxa), we fol-
lowed the procedure outlined in (Shade et al., 2013): all OTUs which made 
up at least 0.5% of the community at least once throughout the experiment, 
appeared in three or more samples, and varied significantly with time since 
disturbance (ANOVA, p < 0.01) were selected. These 156 OTUs accounted 
for 70% (± 22 sd) of the community on average throughout the experiment 
(data not shown). To confirm the validity of using this subset to represent 
the whole community, the full dataset and the subset of OTU’s were com-
pared using procrustes analysis on Bray-Curtis dissimilarity matrices in the 
vegan package. This yielded a significant correlation of symmetric procrust-
es rotation (0.953, p = 0.001, 999 permutations), indicating that the two 
datasets were significantly similar. The abundance of each OTU was relativ-
ized over time to highlight changes in the temporal abundance patterns of 
each population. These temporal patterns were clustered by time (vegan 
package, euclidean distance, ward’s clustering). Inspection of the clustering 
pattern revealed eight groups of OTUs (confirmed using the cutree function 
of R), with seven distinct temporal response patterns. 

PHYLOGENETIC TURNOVER QUANTIFICATION

In order to determine whether changes in community composition were 
more consistent with stochastic or deterministic turnover, we compared phy-
logenetic turnover to a null model. Phylogenetic turnover was quantified as 
the abundance weighted β-mean nearest taxon distance (βMNTD), and the 
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results were compared to those expected under a completely stochastic sys-
tem (null modeling approach). βMNTD was calculated using the R function 
comdistnt (abundance.weighted = TRUE; package picante). To quantify the 
magnitude and direction of deviation between an observed  βMNTD value 
and the βMNTD value expected under stochastic community assembly, we 
used the β-nearest taxon index (βNTI), calculated as follows: 

under stochastic community assembly, we used the β-nearest taxon index (βNTI), calculated 

as follows:  

𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽 = (𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝑜𝑜𝑜𝑜𝑜𝑜 − 𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝑛𝑛𝑢𝑢𝑙𝑙𝑙𝑙)
𝑠𝑠𝑠𝑠(𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝛽𝑛𝑛𝑢𝑢𝑙𝑙𝑙𝑙)

 

where βMNTDobs is the observed βMNTD, βMNTDnull are null values of βMNTD, and sd 

indicates the standard deviation of the βMNTDnull distribution. We quantified βNTI for all 

pairwise comparisons, using a separate null model for each comparison. The distribution of 

βMNTDnull values was determined using 999 randomizations. In each randomization, OTUs 

were first randomly distributed across the tips of the phylogeny and βMNTD was 

subsequently quantified. 

 Statistically significant deviations from stochastic turnover have |βNTI| > 2. βNTI < -2 

indicates homogeneous selection (sensu 32), whereby the local environment imposes strong 

and consistent selection pressures, resulting in similar community composition across 

communities, (i.e.indicating directional changes in community composition driven 

predominantly by a single factor). βNTI > +2 indicates variable selection (sensu 32), whereby 

different communities are governed by different selection pressures (see also (Stegen et al., 

2015)). We considered all possible comparisons for βNTI within time points in order to 

evaluate whether the nature of phylogenetic turnover changed over time.  

 

Results 

Bacterial abundance and activity per cell 

The community-wide per-cell activity rate, calculated as the ratio of cDNA/DNA copies of 

the 16S rRNA gene, declined moderately following disturbance (one-tailed t-test, p=0.054, 

0.027, 0.057 for the comparison between values for pre-disturbance and T1, T4, and T10, 

respectively) (Figure 1), but reached pre-disturbance levels by T18 (one tailed t-test, p=0.32) 

and remained indistinguishable from undisturbed soils thereafter (Supplementary Information, 

S5). 

 

Bacterial α-diversity 

Disturbance affected the potentially active bacterial community, with both richness (χ2 

=44.32, p= 0.012) and evenness (χ2= 51.18 p<0.001) decreasing after heating (Figure 2). The 

mean OTU richness dropped by 28 %, from 838 (±65.9 sd) in the undisturbed soils, to 602 

(±148 sd) one day after disturbance. These differences persisted for over three weeks (χ2 post-

hoc test; p<0.005 for the comparison between T0 and T1-24), but subsequently began to 

where βMNTDobs is the observed βMNTD, βMNTDnull are null values of βMNTD, 
and sd indicates the standard deviation of the  βMNTDnull  distribution. We 
quantified  βNTI for all pairwise comparisons, using a separate null model 
for each comparison. The distribution of βMNTDnull values was determined 
using 999 randomizations. In each randomization, OTUs were first randomly 
distributed across the tips of the phylogeny and βMNTD was subsequently 
quantified.

Statistically significant deviations from stochastic turnover have |βNTI| > 2. 
βNTI < −2 indicates homogeneous selection (sensu  (Dini-Andreote et al., 
2015)), whereby the local environment imposes strong and consistent selec-
tion pressures, resulting in similar community composition across communi-
ties, (i.e.indicating directional changes in community composition driven pre-
dominantly by a single factor). βNTI > +2 indicates variable selection (sensu 32), 
whereby different communities are governed by different selection pressures 
(see also (Stegen et al., 2015)). We considered all possible comparisons for 
βNTI within time points in order to evaluate whether the nature of phyloge-
netic turnover changed over time. 

RESULTS

BACTERIAL ABUNDANCE AND ACTIVITY PER CELL

The community-wide per-cell activity rate, calculated as the ratio of cDNA/DNA 
copies of the 16S rRNA gene, declined moderately following disturbance 
(one-tailed t-test, p = 0.054, 0.027, 0.057 for the comparison between values 

for pre-disturbance and T1, T4, and T10, respectively) (Figure 1), but reached 
pre-disturbance levels by T18 (one tailed t-test, p = 0.32) and remained indistin-
guishable from undisturbed soils thereafter (Supplementary Information, S5).

Figure 1. Bacterial activity rate during secondary succession. Average community activity is 
calculated as the ratio of cDNA:DNA 16S gene copy numbers. A lowess fit of the data is shown in 
black, with the standard error as grey shading. 

A B

Figure 2. Variation in diversity during secondary succession. Richness (A) measured as the 
number of observed OTUs and evenness (B), calculated using Pielou’s J. A lowess fit of the data 
is shown in black. 
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BACTERIAL α-DIVERSITY

Disturbance affected the potentially active bacterial community, with both 
richness (χ2 = 44.32, p = 0.012) and evenness (χ2 = 51.18 p < 0.001) decreas-
ing after heating (Figure 2). The mean OTU richness dropped by 28%, from 
838 (± 65.9 sd) in the undisturbed soils, to 602 (± 148 sd) one day after dis-
turbance. These differences persisted for over three weeks (χ2 post-hoc test; 
p < 0.005 for the comparison between T0 and T1-24), but subsequently began 
to recover. By T25 OTU richness was not significantly different from that of the 
C49. Evenness also decreased following disturbance (Figure 2), with differenc-
es between disturbed communities and both T0 and C49 controls for up to 
24 days post-disturbance (Tukey post-hoc test; p < 0.01 for all comparisons 
between T1-24 and T0, and T1-24 and C49). Evenness also fully recovered with 
respect to controls by T29. 

BACTERIAL β-DIVERSITY AND COMMUNITY STRUCTURE

The PCoA showed a significant effect of time since disturbance on com-
munity composition (PERMANOVA, pseudo F = 11.26, R2 = 0.54, p < 0.001). 
Community composition of pre-disturbance (T0) soils and C49 controls clus-
tered closely, but were significantly different (Figure 3). Notably, samples 
temporally clustered into three groups according to the PERMANOVA, which 
we classified as response phases. The primary response phase, which en-
compassed T1-T4, involved a rapid shift along the first axis (52% of variation) 
away from pre-disturbance controls, as well as an increase in between-rep-
licate variability (ANOVA of multivariate homogeneity of group dispersions, 
p < 0.001). This increased variability was also evident during the secondary re-
sponse phase, T10-T25, which involved a shift along the second axis (20.5% of 
variation), away from both controls and communities characteristic of the pri-
mary response phase. The final stability phase (29-49 days after disturbance) 
marked the return of the communities towards the controls, predominantly 
along the first axis (Figure 3). Samples from T49 clustered with C49 controls 
(pairwise PERMANOVA, p = 0.12). This last phase coincided with the return of 
richness and evenness to control levels. 

BACTERIAL SUCCESSION

Temporal responses were analyzed at the phylum, class and OTU levels in terms 
of the active community. At the phylum level, the pre-disturbance communi-
ty was dominated by Proteobacteria (38 ± 5.5%), followed by Actinobacteria, 
Firmicutes and Acidobacteria (20.2 ± 6.3%, 12.1 ± 12.4% and 6.9 ± 1.5%, respec-
tively), and 12.5 + 1.5% of the community was unclassified at the phylum level 
(Figure 4). Dominant phyla exhibited temporal dynamics (Kruskal_Wallis test, 
p < 0.01 for all comparisons), and were accordingly classified into three groups. 
A “conventional recovery” was observed for Acidobacteria, Deltaproteobacteria, 
Bacteroidetes, Actinobacteria, and unclassified OTUs, which were negatively 
affected by the disturbance (post-hoc Tukey test, p < 0.01 for comparison be-
tween T1 or T4 and T0), but exhibited a gradual recovery thereafter, approach-
ing the relative abundances observed in control soils. Cyanobacterial relative 
abundances did not differ significantly over time (Figure 4). “Positive secondary 
dynamics” were observed for Alphaproteobacteria, Betaproteobacteria, and 
Gammaproteobateria, which were negatively affected by the disturbance, but 
rapidly recovered after T4, reaching values even higher than the control values 

Figure 3. Variation in the community diversity during succession. A PCoA plot of weighted 
Unifrac distances between samples showed the strong effect of disturbance, and the temporally 
clustered pattern of recovery. Clusters were determined with a pairwise PERMANOVA p < 0.01. 
Centroids for each sampling time are shown along with their standard errors (error bars), and 
temporal dynamics are indicated with grey arrows. 
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by T10 or T18 for Betaproteobacteria and Gammaproteobateria, and by T29 for 
Alphaproteobacteria (Figure 4). “Stress tolerant” Clostridia and Bacilli exhibited 
a significant increase in relative abundance immediately after disturbance. The 
relative abundances of Clostridia then quickly decreased, while higher abun-
dance of Bacilli persisted until day 25. In order to confirm that these relative 
abundance patterns reflected growth and death in Clostridia and Bacilli, and 
not growth/death in other bacterial taxa following disturbance, we normalized 
their abundances by the qPCR 16S rRNA counts, and found similar patterns 
(Supplementary Information, S6). 

Two main response types were observed at the OTU level (Figure 5). “Original” 
OTUs present in the undisturbed community were greatly suppressed by the 
disturbance, while the relative abundance of “Recovery” OTUs increased at 
some stage following the disturbance. These two main response types were 

further subdivided according to the temporal response patterns of the OTUs 
(Figure 5). Within the Original groups, the relative abundances for OTUs in O1 
decreased immediately following disturbance, while O2 and O3 were dominat-
ed by slow-growing bacteria such as Nitrosospira and Ktedonobacter or bacte-
ria with very specific nutritional requirements such as Phenylobacterium, and 
declined further during the secondary response phase. The relative abundanc-
es of OTUs from O1 and O3 remained depressed for the duration of the experi-
ment relative to controls (Supplementary Information, S7 and S8).

In contrast, the relative abundance of recovery groups peaked at different 
time points. Groups which peaked later exhibited higher taxonomic diversity: 

Figure 4. Phylum- and proteobacterial class-specific response patterns to disturbance. The 
responses of the relative abundance of dominant bacterial phyla, sorted according to the tem-
poral patterns observed. From left to right, dominant phyla /classes exhibited either a conven-
tional recovery, i.e. decrease following the disturbance and gradual recovery; negative secondary 
dynamics, i.e. negatively affected by the disturbance but rapidly recovering by the secondary re-
sponse phase; or survivors, i.e. increase immediately after the disturbance, but gradual decrease 
thereafter. The groups displayed represent 96.5% of the community on average. The same data 
normalized by 16S rRNA abundance is available in Supplementary Information, S6. 

Figure 5. Temporal dynamics of bacterial OTU clusters along secondary succession. 156 
OTUs which varied significantly in time were selected. Intensity of blue color indicates the rela-
tive abundance of each OTU. Phylum/subphylum membership (richness) within each group are 
shown in pie charts; pie chart size is scaled to the number of taxa represented in each group. 
Further details about each group are provided in Supplementary Information, S7 and S8. The 
top cluster (grey) is composed of lowly abundant OTUs. 
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R1, which peaked immediately after the disturbance and then gradually de-
creased, contained only members of Firmicutes, including two strains of an-
aerobic Clostridium and two members of Planococcaceae. Group R2, which 
peaked 4 days after the disturbance, was dominated by Bacilli but also includ-
ed the nutritionally diverse Arthrobacter and rapid-growing Proteobacteria 
such as Pseudomonas. Group R3 was the most diverse of the Recovery groups 
and included the slow-growing Conexibacter (Ferreira et al., 1999) and another 
strain of Phenylobacterium. The relative abundance of OTUs in this group in-
creased by day 10 and maintained this high abundance throughout the rest of 
the experiment, reaching an abundance which was two orders of magnitude 
greater than in the control by the end of the experiment. Group R4, which was 
dominated by nitrogen-fixing Proteobacteria (i.e. Rhizomicrobium, Devosia, 
and Pseudolabrys), was negatively affected by disturbance, but surpassed its 
pre-disturbance abundance by day 10, and remained higher than in both 
pre-disturbance and C49 controls. 

STOCHASTIC VS. DETERMINISTIC TURNOVER DURING BACTERIAL 
COMMUNITY RECOVERY

The undisturbed community exhibited a phylogenetic turnover consistent 
with mild homogeneous selection, whereby consistent selection pressures 
were imposed on the disturbed communities (βNTI mean = −2.62, Figure 6, A). 
The immediate effect of the disturbance was a significant increase in the 
strength of homogeneous selection (mean βNTI at T1 = −3.56, one-tailed 
t-test, p < 0.0001). This selective force was even stronger four days after distur-
bance (mean βNTI = −4.92) (one-tailed t-test between T1 and T4, p < 0.0001). 
The system gradually tended towards more stochastic turnover thereafter 
with highest values observed for T24 (βNTI mean = −2.47) and T29 (βNTI 
mean = −2.50), although an outlier value was obtained at T25. βNTI values be-
came statistically indistinguishable from the undisturbed control at the end of 
the experiment (T49: mean = −3.11). 

Due to the variability of βNTI values, we also measured the proportion of 
comparisons for which βNTI indicated primarily stochastic turnover (|βNTI| < 2, 
Figure 6, B). The relative contribution of stochastic vs. deterministic processes 

Figure 6. Type of phylogenetic turnover along recovery. (A) Temporal variation of the βNTI 
index. Values between 2 and -2 indicate stochastic turnover, while βNTI < −2 indicate homoge-
neous selection. (B) Temporal dynamics of the importance of stochasticity for the phylogenetic 
turnover, expressed as the percentage of comparison indicating stochasticity. (C) Relationship 
between βNTI and the 16S cDNA:rDNA ratio.
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first strongly decreased from 24% in the undisturbed community to 0% at T4. It 
then gradually increased until T29 and decreased to control levels by the T49. 

To further investigate whether stochastic or deterministic turnover was re-
lated to the dynamics of the average community per-cell activity, we plotted 
average βNTI values against the ratio of cDNA:DNA counts (Figure 6). A sig-
nificant, positive relationship was observed between βNTI and activity rate 
(cDNA:DNA). 

DISCUSSION

Accounting for the role of autogenic factors and successional dynamics in mi-
crobial resilience is a critical step towards updating the current microbial dis-
turbance-response framework. Community-wide measurements such as total 
potentially active bacteria and α-diversity are commonly used to evaluate the 
recovery of bacterial communities (Griffiths and Philippot, 2012; Shade et al., 
2012). In terms of these measurements, our community followed “conventional” 
recovery patterns, similar to those observed in the literature for a variety of tran-
sient disturbances. Rapid decreases in bacterial activity, community richness 
and evenness were found, followed by gradual returns to pre-disturbance con-
ditions (Deng, 2012; Griffiths and Philippot, 2012). This resulted in partial or com-
plete convergence with pre-disturbance parameters by the end of our study. 

The return to pre-disturbance levels of community parameter values indi-
cates that the system is resilient to the experimental heat shock within the peri-
od studied. However whether the underlying community is still reorganizing or 
whether the disturbance results in permanent changes to the recovered com-
munity is rarely examined (Allison and Martiny, 2008), and the mechanisms 
underlying these community dynamics are largely unknown. We found that 
the bacterial community structure recovered in temporally-clustered phases. 
These phases are consistent with the increase in the relative abundance of the 
temporal response groups outlined in Figure 5. These response groups were 
phylogenetically congruent and, particularly for those which became more ac-
tive during recovery, their composition was more variable in time. 

The primary response stage, lasting up to four days after disturbance, co-
incided with a surge in the relative abundance of (generally heat-resistant) 

Firmicutes (Galperin, 2013). However, within this group there was some varia-
tion in the response: while Bacilli persisted until the stability phase, Clostridia 
rapidly decreased. This suggests that heat tolerance initially enabled survival, 
probably of spores, during the disturbance, which was followed by outgrowth 
and dominance of vegetative cells during the primary response phase. By 
the stability phase, the Firmicutes decreased to their pre-disturbance relative 
abundances, and taxa which had become depressed by the disturbance in-
creased. At this stage, it is likely that other ecological properties, such as the 
ability to grow on recalcitrant carbon sources would have become more rel-
evant for growth and competition outcome. The trajectory of Bacilli after the 
disturbance is analogous to the “survivor advantage” of trees with fire-resis-
tant seeds, which are able to germinate before all other rapid colonizers arrive 
to burnt patches, and thus are able to dominate the patch at least for some 
time after a forest fire (Kinzig et al., 2001). 

The shift in abundance from the dominance of spore-forming (heat resis-
tant) taxa to copiotrophic Proteobacteria and finally towards OTUs that were 
also present in the undisturbed communities suggests a gradual shift away 
from a disturbance-tolerant responder community. During the secondary 
response phase, copiotrophic taxa increased and slow-growing taxa which 
survived the heat disturbance decreased in relative abundance. We cannot 
determine the factors that may have triggered the shifts in composition from 
our experimental setup; however, the displacement of slow-growing taxa 
which were unaffected by the disturbance during the primary response phase 
and the importance of deterministic turnover following disturbance suggests 
that competition for resources between taxa intensified during the early 
stages of succession. For example, during the secondary response stage, we 
observed the reduction in the relative abundance of slow-growing taxa, such 
as Nitrosospira and Ktedonobacter (Cavaletti et al., 2006; Schramm et al., 1998) 
which were active in the undisturbed community and survived the distur-
bance. Their decline coincided with the surge in rapidly-growing taxa, such as 
Pseudomonas and Paeniporosarcina. In particular, Pseudomonas is an oppor-
tunist, which often increases in abundance following disturbances (Palleroni 
et al., 1984; Timmis, 2002). A recent study found that nutrient concentration 
and type, as well as time since inoculation were the main factors determining 
the structure of a soil community in a microcosm culture experiment, further 
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supporting the notion that successional dynamics are often resource driven 
among soil microbiota (Song et al., 2015). The role of resource competition has 
been repeatedly reported for successions in forests, where forests fires create 
open gaps, and competition for light drives sequential species replacements, 
and may even drive established fire-resistant species to extinction (Drury and 
Nisbet, 1973). Our findings highlight the possibility of displacement resulting 
from resource competition during secondary succession. It is likely that feed-
backs between surviving taxa and the environment (i.e., resource availability) 
gradually shifted the relative importance of different ecological traits during 
recovery: from survival, to rapid growth and labile resource use, and finally to 
recalcitrant resource use. The role of other soil biota (fungi, metazoans, and 
archaea) was outside the scope of this study, but may have played a role in 
modulating the successional phases observed, and demands further study. 
Cell death caused by the disturbance would have released many resources 
into the soil, and this may have been a key driver of the dynamics observed 
during the secondary response phase (dominated by r-strategists) leading to 
stability (dominated by K-strategists). The gradual shift from r- to K-strategists 
along successional gradients has recently been shown for bacterial communi-
ties in simplified environments (Nemergut et al., 2015). The relatively slow suc-
cessional dynamics observed in our study may be due to the resource-poor 
(in terms of easily available nutrients) and fragmented conditions that are 
characteristic of aerated soils (van Elsas et al., 2006b). 

The notion that biotic interactions sustain successional dynamics is sup-
ported by the sharp increase in deterministic turnover following the heat 
shock, which was stronger than in control samples for at least 10 days after 
disturbance. In the disturbed soils, the recovering community may have been 
subjected to a continuum of selective forces, i.e. first a strong abiotic filter im-
posed by heat shock, then the release from biotic competition due to low-
er densities of competing and/or antagonistic neighbors, and presumably 
increased resource availability, and finally the re-emergence of progressive-
ly stronger competition resulting from crowding and resource depletion. In 
a previous study, it was assumed that deterministic factors may have a strong 
role after a soil disturbance and throughout the initial stages of secondary 
succession, without having the possibility to test this hypothesis and under-
lying mechanisms (Dini-Andreote et al., 2015). Due to the highly controlled 

setting in which our experiment was performed, we were able to explain the 
deterministic nature of the bacterial turnover following disturbance to biotic, 
or autogenic factors.

Our findings are consistent with a recent study which surveyed soil micro-
bial communities in a range of field sites, and showed that traits related to sur-
vival (i.e. tolerance to desiccation and salt, formation of endospores and exo-
spores) were favored under resource-limited conditions while traits related to 
competition for resources (i.e. phototrophic carbon fixation, denitrification, 
and formation of PHA inclusions) were favored in high-resource conditions in 
microbial communities (Goberna et al., 2014). While it was previously estab-
lished that individual traits scale up to bacterial community function (Salles et 
al., 2009), our results indicate that individual traits are likely important drivers 
of community composition following disturbance, whereas stochastic pro-
cesses are of less importance, providing novel mechanistic insight into bacte-
rial community assembly during secondary succession.

Our findings shed light on the notion of bacterial resilience (Griffiths and 
Philippot, 2012) as a successional process. We show that biotic interactions 
drive the community dynamics for several days after disturbance and in direct 
response to disturbance, gradually steering the community away from the 
initial post- disturbance conformation. The existence of such directional dy-
namics suggests that the vulnerability of soil microbial communities to further 
perturbation is time-dependent, as well as dependent on the community’s 
disturbance legacy. Conversely, this may explain the success of strategies for 
managing microbial communities based on the application of several distur-
bances of increasing intensity (Cabrol et al., 2015). Recent theoretical work 
suggests that resilience in the soil microbiota is dependent on the type and 
magnitude of the stresses experienced by the system in the past (Hawkes and 
Keitt, 2015). We further propose that because time since disturbance (i.e. suc-
cessional stage) largely determines the community’s composition, it may play 
a crucial role in determining the system’s resilience: subjecting the system to 
a novel disturbance during the primary or secondary response phase is likely 
to result in a serious decrease in microbial diversity and in a potential collapse 
of the community, whereby internal feedbacks are permanently altered be-
yond repair (Beisner et al., 2016). Indeed, Kim and colleagues found that rein-
occulating soil microbial communities into sterile soils at different frequencies 
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(every 7-56 days) led to increasingly deviant community compositions, and 
a collapse in the highest frequency (Kim et al., 2013). Future work will be nec-
essary to determine whether the temporal contingency of bacterial commu-
nity recovery affects the community’s resilience to future perturbations. 
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ABSTRACT

The type and frequency of disturbances experienced by soil microbiota is ex-
pected to increase given predicted global climate change scenarios and in-
tensified anthropogenic pressures on ecosystems. While the direct effect of 
multiple disturbances to soil microbes has been explored in terms of function, 
their effect on the recovery of microbial community composition remains un-
clear. Here, we explore the effect of multiple disturbances on the recovery of 
soil microbiota after identical or novel stresses. We set up soil microcosms and 
exposed them to a heat shock to create an initial effect, followed by another 
heat shock or a cold shock. We monitored the communities for 25 days fol-
lowing the treatments using 16S rRNA gene transcript amplicon sequencing. 
The application of a heat shock to soils with or without the initial heat shock 
resulted in similar successional dynamics, but these dynamics were faster in 
soils with a prior heat shock. The application of a cold shock had negligible 
effects on previously undisturbed soils but, in combination with an initial heat 
shock, caused the largest shift in the community composition. Our findings 
show that compounded perturbation affects bacterial community recovery 
by altering community structure and, thus, the community’s response during 
succession.

INTRODUCTION

Ecosystems are expected to face increasing anthropogenic pressures and cli-
matic oscillations (Hartmann et al., 2013; Millenium Ecosystem Assessment, 
2005; Trenberth et al., 2014), but how these changes will affect the soil biota 
is poorly understood (Smith et al., 2015b). The contribution of the soil micro-
biota to terrestrial ecosystem services is critical, but their precise role in safe-
guarding the processes of the soil system under increased environmental con-
straints is largely unknown (Nemergut et al., 2014). Particularly, the influence 
of altered soil microbial community structures on the stability of soil function-
ing is poorly understood. The composition of microbial communities is often 
treated as a ‘black box’ (McGuire and Treseder, 2010; Nemergut et al., 2014). 
Microbial communities, both in the field and in micro/mesocosm experiments, 
often exhibit long-term changes in their structure following a disturbance 
(Allison and Martiny, 2008; Shade et al., 2012). These altered community com-
positions may be ecologically relevant if interactions between populations are 
ruptured or if the community’s ability to resist invasion is affected, as has been 
recently shown (Fiegna, Moreno-Letelier, Bell, & Barraclough, 2015; Griffiths et 
al., 2007; Mallon et al., 2015; van Elsas et al., 2012). 

In particular, the increasing frequency of transient disturbances in soil eco-
systems, resulting in compounded perturbation, represents a challenge for re-
search. Compounded perturbation is defined as an ecosystem being stressed 
during the recovery process from a previous event (Paine et al., 1998). It has 
been suggested to have a ‘(negative) synergistic’ effect on microbial commu-
nities (Paine et al., 1998), which is defined by the combined effect of both per-
turbations, being greater than the sum of their individual effects. In microbial 
systems we may distinguish between two cases of compounded perturbation, 
namely (1) mixed compounded perturbation, in which the first stress event 
differs substantially from the second, and (2) homogeneous compounded 
perturbation, in which the first and second disturbance events are of the same 
type. Previous experiments have often found a negative synergistic effect aris-
ing from mixed compounded perturbations (Kuan et al., 2006; Tobor-Kaplon 
et al., 2006). In these experiments, soils subjected to long-term disturbance, 
such as exposure to intensive agricultural practices or heavy metals, were 
exposed to an additional short-term stress, such as a temperature shock or 



CH
A

PT
ER

 5
: L

EG
A

C
Y 

EF
FE

C
TS

 O
N

 R
EC

O
VE

RY
 O

F 
SO

IL
 M

IC
RO

BI
A

L 
CO

M
M

U
N

IT
IE

S 
FR

O
M

 P
ER

TU
RB

AT
IO

N

100 101

5

an antibiotic (Kuan et al., 2006; Müller et al., 2002; Tobor-Kaplon et al., 2005, 
2006). This compounded treatment often resulted in a slower (or null) recov-
ery of function (i.e. substrate utilization rate) relative to soils without the prior 
disturbance. The opposite pattern has been observed in the case of homoge-
neous compounded perturbation: generally, the second disturbance exerted 
a lesser effect on the community or its functioning than the first. For example, 
soils previously exposed to extreme precipitation regimes were less function-
ally sensitive to further moisture pulses than unexposed controls (Evans and 
Wallenstein, 2012). Similarly, soils underlying an oak tree exhibited shifts in 
bacterial community composition in response to drying-rewetting regimes, 
while grassland soils in the same area, which experienced more radical natural 
fluctuations in moisture, exhibited no change (Fierer et al., 2003). 

Compounded perturbation of soil may thus have opposite effects on the 
soil bacterial community depending on whether the disturbances are mixed 
or homogeneous, but this is unclear, as they have not been rigorously com-
pared. We hypothesized that these differing outcomes can be explained by 
mortality and the associated loss of microbial diversity, as well as the succes-
sional patterns that ensue and allow the colonization of the newly available 
niches (Figure 1). Systems with high species richness are expected to contain 
organisms with a broader array of environmental tolerance ranges, which 
should fare better across a wider range of environmental challenges or dis-
turbances (Balser et al., 2001; Naeem and Li, 1997; Yachi and Loreau, 1999). In 
the case of homogeneous compounded perturbation, multiple similar dis-
turbance events would have the strongest impacts on similar taxa and favor 
similar survivors, so the effect of the second event would be less perceptible 
(Figure 1, B). In the case of mixed compounded perturbation, different taxa 
may be impacted by a subsequent different disturbance, resulting in a further 
erosion of the community’s diversity during recovery (Figure 1, D). 

Successional dynamics further obscures the impact of compounded per-
turbations on microbial communities. Following a first perturbation, tolerant 
and resistant organisms will be favored. As succession proceeds, however, 
these populations might be outcompeted by rapidly-growing opportunists 
and, eventually, specialists, as easily digestible resources become scarce. Over 
time, resistant organisms are diluted out of the community by the arrival of 
new strategists (Placella et al., 2012), resulting in a community that is once 

again vulnerable to the disturbance (Figure 1, A). The effect of the second 
(same or different) disturbance is thus dependent on how far along a succes-
sional gradient the soil community is at the time of this perturbation. In soils 
exposed to mixed compounded perturbation, we expect the community to 
be most vulnerable immediately after the first perturbation, since its diversi-
ty will be affected to the greatest extent. Conversely, in homogeneous com-
pounded perturbation, we expect the community to be the most resistant to 
the second perturbation immediately after the first, since it is dominated by 
tolerant organisms at this time. 

Figure 1. Schematic of microbial community recovery from pulse disturbance over time. 
Shape-color combinations represent different microbial taxa, and bold outlines highlight “new” 
taxa drawn from a local pool. The initial stages of community recovery are highly dependent on 
disturbance type (A—heat, C—cold), as sensitive individuals are removed from the system and 
survivors compete to consume the newly available resources (I). Over time, the sensitive taxa 
return to the system, compete with the survivors to increase their abundance (II, III), and may 
eventually reach a structure similar to that of the pre-disturbance community (IV). The effect of 
compounded perturbation depends on the disturbance type as well. In the case of homoge-
neous perturbation (B), the second disturbance has little effect on the community, as the sensi-
tive organisms have already been removed from the system by the initial (legacy) disturbance. 
Negative synergistic effects are expected in the case of mixed perturbation (D), as additional or-
ganisms are removed from the community by the second disturbance, resulting in a less diverse 
community that is less able to reorganize and recover following disturbance. 
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Here, we explore the effect of disturbance legacy on the ability of the soil 
bacterial community to cope with a similar or a novel disturbance. To focus on 
the effect of the disturbances rather than environmental variability, we set up 
soil microcosms and exposed these to an initial, heat shock (along with un-
exposed microcosms), allowing microbial communities to recover in order to 
create a legacy. Microcosms were subjected to one of six treatments: 1) heat 
shock-heat shock, 2) heat shock-cold shock, 3) heat shock-control, 4) control-
heat-shock, 5) control-cold shock, 6) control-control; with 25 days between 
the two treatments. By monitoring the bacterial community composition in 
the aftermath of these extreme selective sweeps, we evaluated whether the 
presence and the type of a disturbance legacy affect the successional dynam-
ics of the soil bacterial communities. 

MATERIALS AND METHODS

MICROCOSMS

A total of 205 microcosms were prepared by adding 50 g of fresh soil to 200 mL 
glass jars covered with a loose aluminum foil cap. Microcosms were constructed 
using the top 15 cm of a loamy sand soil (soil-water pH 5.04) collected in April 
2013 from a well-characterized agricultural field in Buinen, the Netherlands 
(52°55’N, 6°49’E), where seasonal variations in biochemical parameters have 
been previously characterized (Pereira e Silva et al., 2011, 2012b). Prior to the 
experiment, soils were homogenized by sieving through a 4-mm sieve, and 
soils were allowed to stabilize for one month at 4 °C. After the preparation of the 
microcosms, soils allowed to stabilize for two weeks. Soils were maintained at 
21 °C, partially shielded from light in a temperature-controlled greenhouse, and 
at 65% water-holding capacity (adjusted with sterile water) for the duration of 
the experiment. Sampling was done destructively in quintuplicate. 

Microcosms were subjected to one of six treatments: an initial heat shock, 
followed by 25 days of recovery and 1) an additional heat shock, 2) a cold shock, 
or 3) control conditions for 25 additional days (treatments heat-heat, heat-cold, 
and heat-control, respectively); or control conditions for 25 days, followed by 
4) a heat shock, 5) a cold shock, or 6) control conditions for 25 additional days 

(treatments control-heat, control-cold, or control, respectively). The 25 interval 
between treatments was selected after initial microcosm experiments with 
identical soils and conditions revealed that bacterial communities were still 
recovering from a heat shock after 25 days. A detailed schematic of our experi-
mental setup is provided in the Supplementary Information S1. The duration of 
the heat shock was selected after recording the effects of increasing durations 
of microwave heating (15 sec to 10 min) on the total copies of 16S rRNA tran-
scripts, soil temperature, pH, and moisture loss, in order to generate a loss of be-
tween 33% and 57% of 16S rRNA transcripts (data available in Supplementary 
Information S2). During each heat shock, jars were uncovered, placed in an 800-
watt microwave oven (R201ww Sharp, Utrecht, the Netherlands), subjected to 
90 sec of heating at maximum intensity, adjusted for moisture loss, and covered 
immediately. The cold shock treatment consisted of placing jars in a -80 °C freez-
er for 6 h. Soils were sampled one day prior to disturbance (T0) as well as on 
days 1, 4, 11, 18, and 25 days after disturbance (T1-T25). Soils with an initial heat 
shock were sampled at these time intervals after both disturbance events. 

DNA AND RNA EXTRACTION 

DNA was extracted from 0.5 g soil using the MoBio PowerSoil DNA Extraction 
Kit (MoBio Laboratories, Carlsbad, CA, U.S.A.) according to the manufacturer’s 
instructions, with three additional 30-s rounds of bead-beating (mini-bead 
beater, BioSpec Products, Bartlesville, OK, U.S.A.). The concentration and band 
size of the extracted products were checked by electrophoresis using a 0.8% 
agarose gel with a SmartLaddder (Eurogentec, Liege, Belgium). 

For the RNA extraction, 2 g of soil were placed in 5 mL of LifeGuard Soil 
Preservation Solution (MoBio laboratories, Carlsbad, CA, U.S.A.) for ~24 hours 
at 4 °C, and then maintained in dry ice/-80 oC until extraction, which took 
place seven days after sampling. Extractions were performed with the RNA 
PowerSoil Total RNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, U.S.A.) 
according to the manufacturer’s instructions. Extracts were re-suspended 
in 1 mM sodium citrate, quantified using a Quant-iT™ RNA AssayKit (range 
5-100 ng; Invitrogen, Molecular Approaches, Eugene, OR, USA) on a Qubit™ 
fluorometer (Invitrogen, by Life Technologies, Nærum Denmark). Samples 
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with total RNA concentrations < 20 ng µL−1 were discarded. Products under-
went an optimized DNase treatment from the DNA-free™ Kit (Ambion®, by Life 
Technologies™, Nærum, Denmark) protocol and were then subjected to re-
verse transcription using the Roche reverse transcription kit (Roche, Hvidovre, 
Denmark) with Random Hexamers (100 µM; TAG Copenhagen, Denmark). 
Further details are available in Supplementary Information S3.

16S rRNA GENE COPY NUMBER AND TRANSCRIPT QUANTIFICATION

Quantitative PCR of the 16S rRNA gene was run with reverse-transcribed 
RNA (cDNA) and DNA, respectively, using an ABI PRISM 7300 Cycler (Applied 
Biosystems, Darmstadt, Germany) targeting the 264-bp V5-V6 region using 
the primers 16SFP/16SRP (Bach et al., 2002). Reaction mixtures of 25 µL con-
sisted of 12.5 μL SYBR Green PCR Master Mix (Applied Biosystems, California, 
U.S.A.), 0.5 μL of 20 mg mL−1 bovine serum albumin (Roche Diagnostics GmbH, 
Mannheim, Germany), 2 μL of forward and reverse primers (10 mM), and 1 μL 
of template cDNA or DNA at a concentration of 10 ng μL−1. Cycling conditions 
were as follows: 95 °C for 10 min, followed by 39 cycles of denaturation at 95 °C 
for 20 sec, annealing at 62 °C for 60 sec, and extension at 72 °C for 60 sec; fluo-
rescence was detected after annealing. The specificity of the products was con-
firmed by melting curve analysis and checked on a 1.5% agarose gel. A standard 
curve was generated using linearized plasmids containing a fragment of the 
16S rRNA gene cloned from Burkholderia sp. spanning six orders of magnitude 
(102-108). Amplification efficiency (E) was calculated according to the equation, 
E = (10−1/Slope − 1). For all runs, 90% < E < 110%. The obtained data were log-trans-
formed and are shown as the ratio of 16S rRNA transcripts to 16S rRNA gene 
copy number, which we use as a coarse estimate of average ribosomes per cell. 

16S rRNA SEQUENCING AND ANALYSES

cDNA obtained from 10 ng of total RNA was used for 16S rRNA gene transcript 
amplicon sequencing, described in detail in Supplementary Information  S3. 
Briefly, the primers 341F and 806R (Sigma-Aldrich, Brøndby, Denmark) 

flanking the V3 and V4 regions of the 16S rRNA gene were used to amplify 
a gene fragment of 460 bp (Berg et al., 2012; Yu et al., 2005). Sequencing of 
the 16S rRNA gene transcript amplicons was done using MiSeq reagent kit v2 
(500cycles) and a MiSeq sequencer (Illumina Inc., San Diego, CA, U.S.A). 

Sequence analyses were prepared as follows: paired-end reads were mat-
ed and trimmed for primers using Biopieces (www.biopieces.org). Reads were 
quality-filtered with UPARSE (Edgar, 2013) with the following parameters: max 
expected error algorithm with –maxee 0.5. Dereplication was performed and 
singletons removed. OTUs were clustered at 97% using usearch-cluster otus and 
usearch_global. OTUs were chimera-checked with UCHIME against Greengenes 
2011 (DeSantis et al., 2006). . Representative reads picked by usearch were clas-
sified using the Mothurs Wang implementation against the RDP trainset PDS 
v9 (Schloss et al., 2009). Classifications were accepted at a threshold of 80% 
confidence at each taxonomic level. Qiime wrappers for PyNAST (Caporaso 
et al., 2010a), FastTree (Price et al., 2009), and filter_alignment.py (Caporaso et 
al., 2010c) were used to construct a phylogenetic tree. Alignments were built 
against the 2011 version of Greengenes (DeSantis et al., 2006) and filtered 
using—allowed_gap_frac 0.999999 and—threshold 3.0. Amplicon sequences 
were used as a measure of the composition of the microbial community.

STATISTICAL ANALYSES

All analyses were performed in the R environment (R Core Team, 2014b) using 
the Vegan (Oksanen et al., 2007), ade4 (Dray and Dufour, 2007), and Phyloseq 
(McMurdie and Holmes, 2013) packages. Prior to analyses, amplicon data were 
rarefied to 1474 reads per sample, using rarefy_even_depth from the Phyloseq 
package (seed.number = 266315). 

Taxonomic richness was measured as the number of OTUs per sample, and 
evenness was measured as Pielou’s evenness index. Significant differences 
between the control and all other treatments were compared for each time 
point using a two-tailed t-test (p < 0.05). 

The rarefied data were also used to examine beta diversity through a Principal 
Coordinates Analysis (PCoA) of weighted Unifrac distances. The difference be-
tween treatments was evaluated with a PERMANOVA with 999  permutations 
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using adonis from the vegan package. The recovery of community composition 
through time was evaluated through a Principal Response Curve (PRC, Van den 
Brink & Ter Braak, 1999). In order to select OTUs that responded to treatments or 
changed over time, multiple SIMPER analyses were performed, comparing dif-
ferences between early (T1-T4) and late (T11-T25) recovery within treatments, as 
well as within recovery stages and between treatments. SIMPER analysis (Clarke, 
1993) was used to select the OTUs accounting for 50% of the dissimilarity ob-
served in pair-wise comparisons between all the conditions. This resulted in 46 
OTUs, which were used for further comparative analysis. These were displayed 
clustered according to their temporal abundance patterns (vegan package, 
Euclidean distance, Ward’s clustering). 

RESULTS

In previously undisturbed soils, the heat shock resulted in a significant, 8.3% 
average, decrease of normalized 16S rRNA gene transcripts compared to the 
controls on T4. This was followed by a rapid return to pre-disturbance levels 
(Figure 2A). A similar pattern was observed for the soils from the heat-heat 
treatment, which exhibited an 8.1% average decrease compared to control 
soils on T4. In previously undisturbed soils, the cold shock had no signifi-
cant effect on the ratio at any point during the experiment (p > 0.12 for all 
comparisons between control-cold and control treatments). In contrast, in 
previously heat-treated soils, the cold shock led to a 10% average decrease 
compared to undisturbed controls on T1. This was followed by rapid recovery. 
Comparison of soils from the heat-heat and heat-cold treatments to soils from 
the heat-control treatment revealed similar patterns (Figure S5, A). 

We also evaluated the effect of these treatments on α-diversity (total OTUs 
and Pielou’s J). The heat shock resulted in a significant decrease in these pa-
rameters in soils, regardless of prior disturbance. The effects in soils with prior 
disturbance were more severe, however, as on T1 soils from the control-heat 
treatment exhibited 30% decreases in richness and 12% decreases in even-
ness, on average. In contrast, soils from the heat-heat treatment exhibited av-
erage reductions of 42% and 23%, respectively (Figure 2, B and C). 

BACTERIAL Β-DIVERSITY AND COMMUNITY COMPOSITION 

A PERMANOVA of the weighted-Unifrac distances between samples showed 
a significant effect of treatment (p < 0.001), time since disturbance (p < 0.001) 
and the combination of these two factors (p < 0.001) on community composition 
(Figure 3, Supplementary Information S4), however, soils from the control and 
heat-control treatments did not vary over time. In contrast, the heat-shocked soils 
(control-heat and heat-heat) exhibited large shifts in community composition 
following the second heat disturbance (Figure 3). Notably, these shifts in commu-
nity composition occurred in two stages: in the first stage, samples from T1 and 
T4 clustered together and were the most different from the undisturbed, control 
samples, while in the second stage samples from T11-T25 clustered together. Soils 

Figure 2. Effects of disturbance legacy of heat shock on the active community. Average ri-
bosomes per cell (A), richness (B), and evenness (C) are shown as normalized ratios relative to 
the mean undisturbed control values for each respective time point. Average ribosomes per 
cell are measured as total 16S rRNA gene copies normalized by the number of 16S rRNA gene 
transcripts. Statistically significant differences between the undisturbed-control and each treat-
ment along time are shown as hollow circles (two-tailed t-test, p  < 0.05). Vertical black lines in-
dicate the disturbance event. Normalizations of treatments with prior heat shocks relative to the 
heat-control treatment are available in Supplementary Information, S5. 
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from the heat-heat treatment exhibited a temporal response pattern similar to 
that of the control-heat treatment, but with a faster rate of recovery: on T4, sam-
ples from the heat-heat treatment were more closely related to those of later time 
points than samples from the control-heat treatment (Figure 3, left panels). 

We constructed a principal response curve (PRC, Figure 4) in order to com-
pare the recovery trajectories of the bacterial communities exposed to the dif-
ferent treatments relative to the undisturbed control. For heat-shocked soils, 
the changes were not gradual: on T1, the microbial communities from the 
control-heat and heat-heat treatments exhibited compositions that were rad-
ically different from those of the heat-control and heat-cold treatments, but 
samples from these four treatments resembled each other by T4. Furthermore, 
the structure of the communities of soils from the heat-heat treatment was 
initially less affected than of those of soils from control-heat treatments, but 
the former increasingly diverged from the controls throughout the experi-
ment. On the other hand, the communities in soils from the control-heat treat-
ment exhibited a greater deviation from those of the control soils between T11 
and T18; these showed signs of recovery by T25. A strikingly different pattern 
was observed for the cold-shocked soils: soils from the control-cold treatment 
showed no effect of the cold shock, while soils from the heat-cold treatment 
exhibited the largest deviations in bacterial community composition of all 
treatments, relative to the controls. This deviation increased over time, show-
ing no signs of short-term recovery in community structure. 

OTUs EXPLAINING THE VARIATION

We selected the OTUs which explained 50% of the differences between the 
communities with respect to treatments and sampling time. These 46 OTUs 
clustered according to four response patterns, denoted as cluster a, b, c, and d 
(Figure 5). The OTUs in cluster a consisted of phyla that encompass many typi-
cally opportunistic taxa (α-, β-, and γ-Proteobacteria, Fierer et al., 2007). These 
taxa decreased in relative abundance immediately following the heat shock 
(i.e. were not heat-resistant) and then gradually increased during the second 
successional stage (T11-T25). This second-phase increase was greater, or oc-
curred earlier, in the heat-heat treatment than in the control-heat treatment. 
For example, the average relative abundance of a conspicuous OTU classified 
as a Phenylobacterium sp., increased from 0.01% one day after heat shock to 
3.6% on T25 of the control-heat treatment, but achieved a relative abundance 
of 5.12% by T4 of the heat-heat treatment. Cluster b contained OTUs assigned 

Figure 3. Recovery trajectories of community composition over time. Principle coordinates 
analysis (PCoA) of weighted Unifrac distances between samples. A single PCoA was separated 
according to disturbance type and soil history. Pre-disturbance controls (0 days) are only shown 
for undisturbed treatments. 

Figure 4. Effects of a prior heat shock on the recovery of the bacterial community compo-
sition. Principal response curve of OTU abundances over time. Line color represents different 
disturbance types (blue, red and orange) or the control undisturbed soil (green). Previously un-
disturbed treatments are shown as solid lines, and previously disturbed treatments are shown 
as dashed lines. The variance explained by Time is 18.6%; the variance explained by Time*Treat-
ment is 39.6%. 
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to the Cyanobacteria, Firmicutes, Proteobacteria, Actinobacteria (one OTU) and 
Acidobacteria (one OTU), but showed no clear patterns. Cluster c contained taxa 
that were tolerant to, or favored by, the heat shock, and included members of 
the Firmicutes and one Burkholderia sp.. The relative abundance of these taxa 
peaked during the first successional stage. Some taxa from cluster c remained at 
higher relative abundances throughout the rest of the experiment in soils with-
out previous exposure to disturbance, but were rapidly suppressed if the soil 
had been pre-exposed to heat. For example, an OTU from cluster c assigned to 
spore-forming Sporosarcina increased in average relative abundance from 0.8% 
in controls to 5.7% four days after heat disturbance, and maintained this abun-
dance on T18 for the control-heat treatment, but had decreased to 1.6% in the 

heat-heat treatment at this time. Several taxa exhibited prounced peaks in rela-
tive abundance following the treatment in the control-heat treatment: an OTU 
assigned to the Planococcaceae increased in average relative abundance from 
1.4% of the community in controls to 11.7% and 6.8% on T1 in the control-heat 
and heat-heat soils, respectively, and then decreased. Other taxa exhibited 
peaks in soils from the heat-heat treatment, but experienced rapid decreases 
thereafter regardless of prior heat shocks: an OTU assigned to Paenisporosarcina 
increased to 5.1% and 10% of the community in the control-heat and heat-heat 
treatments respectively, but decreased to less than 1% of the community there-
after. Finally, cluster d contained only rare (less than 1% on average) members of 
the Proteobacteria (i.e., Porphyrobacter sp., Rhodanobacter sp.) and Bacteroidetes 
(three Chitinophagaceae OTUs) , which were most abundant in soils exposed to 
cold shocks and decreased permanently in all soils exposed to heat, and main-
tained average relative abundances below 1%. 

DISCUSSION

Understanding how disturbances or selective sweeps shape communities and 
their response to further perturbation is fundamental to our knowledge of 
the dynamics of the soil biota over time. Disturbances can trigger succession-
al dynamics in soil microbiomes, which is analogous to secondary succession 
in macroecology (Placella et al., 2012). We have previously shown that micro-
bial community recovery is a deterministic, directional process, and that suc-
cessional dynamics gradually leads the community away from the post-dis-
turbance dominance of tolerant taxa in the case of transient disturbances 
(Jurburg et al., 2016b). The use of extreme disturbances was designed to eval-
uate community assembly during secondary succession rather than the impli-
cations for natural environments By monitoring the soil bacterial community 
after either an extreme heat shock or a cold shock and in the presence or ab-
sence of a prior heat shock, we examined how such a compounded pertur-
bation affects secondary successions, and whether the identity of the legacy 
prior to perturbations (i.e. heat-heat vs. heat-cold) affects the outcomes. 

In control soils, the heat shock had a stronger and more significant effect 
on the bacterial community than the cold shock. This was apparent from the 
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Figure 5. Core dynamic taxa. Heatmap of the Bray-Curtis distances of 46 OTUs, which explain 
50% of the separation between treatments and between successional stages within each treat-
ment. OTUs were selected according to pairwise SIMPER analyses and clustered using Ward’s 
method. These taxa represent 41.6% of the total community. Abundances were averaged per 
time point, and centered and scaled prior to plotting. The phylum membership of each OTU is 
displayed in the right column, OTUs at the lowest taxonomic classification level are listed on the 
right. Taxa were clustered into four groups (a-d) according to their temporal response patterns. 
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analysis of the normalized 16S rRNA data, as well as the α- and β- diversity val-
ues. Furthermore, the bacterial community composition recovered from the 
heat disturbance in two distinct stages, exhibiting radical changes between 
T4 and T11 (Figure 3). We exposed soils to a second perturbation after 25 days 
of recovery to increase the possibility that the communities were still under-
going successional dynamics during the second perturbation. Indeed, the ef-
fect of the initial heat shock was sustained over time: communities exposed 
to heat shock maintained lowered levels of α-diversity throughout the experi-
ment, probably due to the permanent removal of members of the community 
which were not heat-resistant (i.e., Figure 5, cluster d). The speed of recovery 
following the disturbance was also dependent on the metrics used to assess 
it: the number of potentially active bacteria returned to pre-disturbance lev-
els by T25 in all soils, while the community composition in soils from the con-
trol-heat treatment remained different and showed no indication of recovery 
(Figure 2). This highlights the complexity of bacterial communities relative to 
their growth rate, and the need to assess soil microbial recovery with more 
complex metrics that account for successional patterns. 

COMPOUNDED PERTURBATION AND RECOVERY

Our results support the notion that compounded perturbation of soil yields 
so-called “ecological surprises” (Paine et al., 1998). Our heat and cold shock 
disturbances targeted different portions of the bacterial communities in soil. 
Furthermore, the cold shock, which had weak effects on the community on 
its own, had a drastic effect on soils with a prior heat shock, suggesting a syn-
ergistic effect of the two disturbances. In fact, the samples from the mixed 
compounded perturbation treatment (heat-cold) exhibited a significantly 
lower number of normalized 16S rRNA copies one day after the cold shock 
than those from any other treatment, at any other time in the experiment, and 
community structures in soils from this treatment increasingly deviated from 
all other treatments over time (Figure 4). The lowered evenness in the com-
munities from the heat-cold treatment relative to those in the heat-control 
treatment suggests that the cold disturbance, in combination with the prior 
heat shock, disproportionately altered the dominance patterns. This aligns 

with an earlier finding that suggested that community evenness is crucial in 
favoring functional stability under stress in communities of denitrifying bacte-
ria (Wittebolle et al., 2009). Our results further show that decreased evenness 
results in more profound changes in bacterial community structure from fur-
ther perturbation. Most of the taxa which became abundant following a cold 
shock in previously undisturbed conditions were suppressed by the heat dis-
turbance (Figure 5, cluster d), and were thus already suppressed in soils from 
the heat-cold treatment by the time the cold shock was applied, possibly 
explaining the stronger effect of the cold shock on previously heat-shocked 
soils. This aligns with our initial conceptual framework (Figure 1, D). Clearly, 
the chronology and type of disturbance events in soil is important to deter-
mine the outcome of additional perturbations. Further research is necessary 
to quantify the synergistic effects of mixed compounded perturbation on mi-
crobial community recovery.

The overwhelming diversity and variability found in soil bacterial commu-
nities and the heterogeneity of the environment which surrounds them are 
common obstacles for the detection of clear, replicable patterns of commu-
nity assembly. The selection of extreme disturbance treatments in this experi-
ment allowed us to clearly detect different successional dynamics depending 
on the combination of disturbances. However, the highly controlled micro-
cosm environment and the extreme nature of disturbances prevent us from 
applying our findings to natural systems, in which dispersal is much greater, 
disturbances are more subtle, and other organisms (i.e. mesofauna and plants) 
may play a role in modulating the observed dynamics. Thus, further research 
is also needed to determine the applicability of our results under more natural 
scenarios. 

During community recovery from the heat shock, we observed two distinct 
successional stages, regardless of whether the soils had been pre-exposed to 
a heat shock. The first stage (T1-T4) was characterized by a community, which 
differed from those in both controls and the rest of the recovery trajectory 
(Figure 4), likely explained by the rapid increase in relative abundance of the 
Firmicutes, particularly Sporosarcina and Paenisporosarcina (Figure 5,  cluster c). 
Many members of the Firmicutes can form heat-resistant endospores, and 
may be stimulated to germinate by elevated temperatures (Galperin, 2013), 
which allows the hypothesis that they would be favored by the heat shock. 
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In particular several, species of Sporosarcina have been documented to tol-
erate temperatures of 80 °C for over 10 minutes, and to produce abundant 
spores within 3-4 days (Pregerson, 1973). In soils without prior exposure to 
a heat shock, many Firmicutes persisted at higher relative abundances than in 
the controls for the rest of the experiment, but they were quickly depressed 
to near-control abundances in soils, which had been previously exposed to 
a heat shock. Furthermore, OTUs representing other Firmicutes in this group 
(i.e Planococcaceae incertae sedis and Paenisporosarcina) increased only tran-
siently in both cases, but exhibited a higher relative abundance during this 

“peak” in soils, which had been previously exposed to a heat shock. This may 
be due to the lower diversity in these soils, whereby these survivors made up 
a larger proportion of the community. 

The second stage (T11-T25) was characterized by a gradual increase in the 
relative abundance of predominantly Proteobacteria. The copiotrophic nature 
of many Proteobacteria is well known (Fierer et al., 2007). It is likely that the rel-
ative abundance of such opportunistic taxa increased as the survivor advan-
tage of heat-resistant Firmicutes faded, as we have previously shown (Jurburg 
et al., 2016b). Alternatively, some slow-growing, oligotrophic Proteobacteria 
may have benefitted from the release of complex compounds resulting from 
the disturbance. For example, a lowly abundant (0.001%) Phenylobacterium 
sp. increased in relative abundance more rapidly in soils exposed to the heat-
heat treatment than in the control-heat treatment. Phenylobacterium strains 
are able to degrade phenolic compounds (Reznicek et al., 2015), which were 
likely released following the heat shock, and were probably more abundant 
after the second shock. In soils that were pre-exposed to a heat shock, the 
onset of the increase in the relative abundance of presumed proteobacterial 
copiotrophs occurred earlier, likely because they already occurred at higher 
abundances in the recovering communities. While our experiment was not 
designed to tease out individual interactions, this accelerated increase in the 
relative abundance of opportunists may have resulted in the earlier displace-
ment of Firmicutes, and a more rapid shift to the second successional stage in 
soils that were pre-exposed to a heat shock. 

IMPLICATIONS

The findings of this study largely match the theoretical framework as shown in 
Figure 1. As expected, the effect of compounded perturbation was largely de-
pendent on the type of disturbance disturbances. An initial heat shock did not 
affect the vulnerability of the bacterial communities to a second heat shock, 
but resulted in an accelerated shift to the second successional stage. This is 
likely due to a higher percentage of opportunists in the recovering commu-
nity, which resulted from the first perturbation. The increased number of taxa, 
which were characteristic of the second successional stage may have caused 
a faster shift towards the second successional stage upon re-exposure.

In successional gradients driven primarily by competition, an increased 
biodiversity, and the resulting competitive pressure, may slow down the suc-
cessional dynamics (Drury and Nisbet, 1973). In our system, the lowered com-
munity diversity in soils pre-exposed to a heat shock relative to that in the un-
disturbed soil may have resulted in lowered numbers of competitors for the 
resources available after the heat shock, and thus a faster transition towards 
the opportunists that are characteristic of the second successional stage. In 
this way, soils with a disturbance legacy have become ‘specialized’ in recov-
ering from a specific perturbation. Our results from the mixed compounded 
perturbation treatment show that this specialization comes at a cost,  however. 
Soils that had been pre-exposed to a heat disturbance exhibited dispropor-
tionately larger shifts in community composition in response to a weaker 
(cold) disturbance than soils without this prior heat shock. In this case, the 
order of perturbation may be crucial. We did not test the effect of a heat dis-
turbance on soils pre-exposed to a cold shock; however, it is plausible that the 
effects of this treatment would have been weaker, as the community quickly 
recovered from a cold shock. 

Our findings show that disturbances affect soil bacterial communities, 
likely removing vulnerable individuals and altering dominance patterns. This 
affects the community’s resilience to further perturbation. Previous theoreti-
cal work has concluded that a soil microbial community’s resilience is largely 
determined by the soil’s exposure to disturbances in the past (Hawkes and 
Keitt, 2015). Our findings are consistent with this notion. We here suggest that 
a soil’s disturbance legacy must be considered in a “legacy budget”, as there 
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may be a critical threshold of disturbance intensity and frequency, at which 
the soil community loses its compositional—and even functional—integrity. 
We only tested one disturbance frequency, but we suspect that, given the 
successional patterns observed in the heat-shocked bacterial communities, 
the responses observed are highly dependent on disturbance frequency. For 
example, Kim et al. showed that soil bacterial communities subjected to an in-
creasing frequency (every 7, 14, 28, and 56 days) of dilution into sterile soil 
collapsed when the dilutions were weekly, resulting in highly ‘erratic’ commu-
nity compositions (Kim et al., 2013). As in our experimental setup, their distur-
bance (90% dilution) was designed to evaluate community assembly during 
secondary succession rather than the implications for natural environments. 
Further research is needed to disentangle the relative influences of distur-
bance intensity and frequency on the response of soil microbial communities, 
as well as the role of abiotic factors such as soil type, in buffering the micro-
biota from environmental changes. This is particularly important in a world in 
which environmental fluctuations are expected to intensify, and soil microbial 
communities will need to be able to withstand a wide range of fluctuations in 
order to maintain their ecological integrity.   
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ABSTRACT

Nitrification is a poorly redundant process in soil which is thought to be vul-
nerable to perturbations. Here, we exposed soil microcosms to five different 
disturbance histories, and monitored the impact and recovery of the four 
main functional groups involved in nitrification (ammonia-oxidizing Archaea 
and Bacteria, AOA and AOB, respectively; and Nitrobacter-like and Nitrospira-
like nitrite oxidizers). We measured the temporal changes in the abundances 
of these nitrifier groups as well as nitrification enzyme activity (NEA) for five 
disturbance histories: two successive heat shocks (HH); a cold shock follow-
ing a heat shock (HC); a heat shock or cold shock with no first shock (NH and 
NC, respectively); and a control without any shock (Control). Each functional 
group exhibited a different response to the disturbances. AOA were vulnera-
ble to the cold shock, but AOB were not. Soils which were pre-exposed to heat 
shocks exhibited different responses than those without a disturbance legacy: 
AOB were more vulnerable to heat shocks in soils pre-exposed to a same dis-
turbance, while Nitrospira-like NOB under the same circumstances were more 
resilient. In soils with a disturbance legacy, the temporal patterns in NEA most 
closely resembled those of Nitrospira-like NOB. 

INTRODUCTION

Nitrification, the conversion of ammonia to nitrate, is a crucial ecosystem ser-
vice, the provision of which is strongly tied to fertility and plant productivity 
in soils. Nitrification regulates whether fertilizers are taken up by plants, or 
leached into water supply (as nitrate) or into the air as greenhouse gas pollut-
ants (as nitrous oxide, Wang et al., 2015). 

Due to its importance, nitrification has been extensively studied. However, 
new discoveries are still challenging our understanding of the relative impor-
tance of the different actors in nitrification (Leininger et al., 2006; Palatinszky 
et al., 2015), and so further work is warranted. Nitrification is a two-step pro-
cess, each of which is carried out by two groups of microbes. The conversion 
of ammonia to nitrite is catalyzed by ammonia-oxidizing bacteria (AOB) and 
archaea (AOA) (Leininger et al., 2006). In bacteria, ammonia oxidation is phylo-
genetically conserved, being predominantly performed by Nitrosomonas and 
Nitrosospira, which belong to the β-Proteobacteria, and Nitrosococcus, which 
are γ- Proteobacteria (Purkhold et al., 2000). All AOA, in contrast, belong to 
the Thaumarchaeota (Leininger et al., 2006). Both AOB and AOA contain the 
ammonia monooxygenase gene, which has served as a functional gene mark-
er for the identification of ammonia oxidizers in a variety of environments 
(Leininger et al., 2006). These studies have revealed that AOA, which are facul-
tative ammonia oxidizers (Martens-Habbena et al., 2009), thrive at low ammo-
nium concentrations (Simonin et al., 2015) and in low oxygen concentrations 
(Hatzenpichler, 2012). Furthermore, in acidic soils AOA are apparently the 
dominant ammonia oxidizers (Prosser and Nicol, 2012). 

The conversion of nitrite to nitrate is the second step in nitrification 
(J I Prosser, 1990). To date, five lineages of nitrite-oxizing bacteria (NOB) have 
been identified, belonging to the α-, β-, γ- and δ-Proteobacteria (including 
Nitrobacter) and to the phylum Nitrospira. In soil, Nitrospira- and Nitrobacter-
like NOB are the most common ones, and some have been isolated from soil. 
In addition, many Nitrobacter-like NOB (α-Proteobacteria) have been identi-
fied from 16S rRNA sequences (Attard et al., 2010). Little is as-yet known about 
the ecology and distribution of NOB, given the fact that nitrite oxidation is 
generally not the limiting step in nitrification (Okabe et al., 1999; Roux et al., 
2008; Schramm et al., 1998). 
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The potential relationship between ammonia oxidizers and nitrite oxidizers 
has recently come into focus. Novel research has found that the metagenomes 
from a wide range of environments contained genes belonging to Nitrospira 
NOB, which were involved in cross-feeding with ammonia oxidizers (Koch et 
al., 2015). This adds further complexity to the ecological relationship between 
nitrifiers. The changes in the relative contributions of AOA and AOB, and 
Nitrospira- and Nitrobacter-like NOB, to nitrification in soil has been document-
ed in response to nitrogen addition to grassland and forest soils (Ma et al., 2016; 
Simonin et al., 2015; Wertz et al., 2012). Within each group of nitrifiers, changes 
in the relative abundances of populations have also been observed in response 
to changes in temperature (Tourna et al., 2008), fertilization (Xie et al., 2014) or 
soil management (Attard et al., 2010). Moreover, experimental evidence has 
shown that nitrite may accumulate in the system following steam disinfestation 
of the soil (Roux-Michollet et al., 2008), or under another sudden change or ad-
verse conditions (Gelfand and Yakir, 2008; Nowka et al., 2015). This suggests that 
NOB are sensitive to wet heat and that, thus, the relationship between organ-
isms involved in the first and second steps of the process may be broken under 
extreme conditions. 

In soil, the relationship between AO and NOB and the relative contribu-
tions of each functional group within AO and NOB to nitrification activity in 
soil is poorly understood. The abundance of Nitrospira-like NOB has been 
found to correlate to that of AOA (Ma et al., 2016; Pester et al., 2014), while 
the abundance of Nitrobacter-like NOB has been associated with that of AOB 
(Placella & Firestone, 2013, Ma et al., 2016); however AOB have also been asso-
ciated to Nitrospira-like NOB as well (Prosser and Nicol, 2012; Xia et al., 2011). 
Furthermore, the decoupling of AO and NOB may lead to the accumulation 
of NO2, an air pollutant (Graham et al., 2007), supporting the need to under-
stand the relationships between these four functional groups in the face of 
disturbance. 

The two-step nature of nitrification, the performance of each step by two 
ecologically distinct groups and the availability of functional marker genes for 
each one of these groups make this an ideal system to address the responses 
of, and potential interrelationships between, these groups in soil following 
a disturbance. Here, we exposed soil microcosms to either a heat shock or 
control conditions and monitored the abundance of the four main groups of 

nitrifiers in soil (AOB, AOA, Nitrospira-like NOB and Nitrobacter-like NOB) for 
25 days in order to determine their responses to disturbance and their tem-
poral recovery patterns. We then re-exposed soils from both treatments to 
an additional heat shock, cold shock or control conditions, in order to deter-
mine whether the existence of a disturbance legacy modulated the nitrifiers’ 
responses to further perturbation. In order to infer whether specific relation-
ships between AO and NOB became decoupled as a result of perturbation, 
we assessed whether correlations between the functional groups changed 
according to the disturbance treatment.

MATERIALS AND METHODS

MICROCOSM EXPERIMENT AND SAMPLING

Microcosms were constructed as described in Jurburg et al., 2016. Briefly, 
samples were obtained from an agricultural field in Buinen, the Netherlands 
(52°55’N, 6°49’E), in April 2013. The field consisted of a loamy sand soil (soil-wa-
ter pH 5.04). Samples were taken from the top 15 cm of soil and homogenized 
by sieving through a 4 mm sieve. 87 microcosms were prepared by adding 50 g 
fresh soil to 200 mL glass jars, which were then covered with a loose aluminum 
foil cap. Soils were maintained at 21 °C, partially shielded from light, and mois-
ture was maintained at 65% with sterile water and adjusted weekly throughout 
the experiment. Soils were allowed to stabilize in the microcosms for two weeks 
prior to the experiment. Sampling was done destructively in triplicate. 

To evaluate the effect of multiple perturbation and disturbance legacy on 
microbial nitrification, samples were divided into two groups: 45 Control mi-
crocosms were maintained at control conditions, while 42 microcosms were 
Pre-exposed to a heat shock on day 0 (T0): jars were uncovered, placed in 
an 800-watt microwave oven (R201ww Sharp, Utrecht, the Netherlands), and 
subjected to 90 sec of heating at maximum intensity (~65 °C). Both groups 
were sampled 1 and 24 days after heat shock (T1 and T24) and allowed to re-
cover for 24 days. On the 25th day of the experiment, Control and Pre-exposed, 
legacy microcosms were subjected to either an additional, identical heat shock, 
a cold shock (which consisted of placing jars in a -80°C freezer for 6 hours), or 
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control conditions for a total of 6 treatments (Control, NH, NC, HN, HH and HC). 
Microcosms were allowed to recover for an additional 25 days during which 
they were sampled repeatedly (D25, D35, D42, and D49). 

SOIL DNA EXTRACTION AND FUNCTIONAL GENE QUANTIFICATION

DNA was extracted from 0.5 g of fresh soil using the MoBio PowerSoil DNA 
Extraction Kit (MoBio Laboratories, Carlsbad, CA, U.S.A.) following the manu-
facturer’s instructions, with three additional rounds of bead-beating for 30 sec 
(mini-bead beater, BioSpec Products, Bartlesville, OK, U.S.A). The quality and 
concentration of the resulting products were assessed by electrophoresis on 
a 0.8% agarose gel with a SmartLadder (Eurogentec, Liege, Belgium). 

Quantitative PCR (qPCR) was used to estimate the total numbers of Archaea, 
Bacteria, AOA, AOB and NOB (Nitrobacter-like and Nitrospira-like). Copy num-
ber quantifications of the archaeal and bacterial 16S rRNA genes were per-
formed according to (Pereira e Silva et al., 2012a) to estimate total Archaea 
and Bacteria. Ammonia oxidizers were estimated from the abundance of bac-
terial and archaeal amoA genes, according to Pereira e Silva, Poly, et al., 2012. 
Nitrospira-like NOB were estimated by targeting a Nitrospira-specific region of 
the 16S rRNA gene (Graham et al., 2007), as in Attard et al., 2010. Nitrobacter-
like NOB were estimated by targeting the nxrA gene using Nitrobacter-specific 
primers (Poly et al., 2008; Wertz et al., 2008), as in Attard et al., 2010. 

POTENTIAL NITRIFICATION ACTIVITY 

Potential nitrification enzyme activity (NEA) was quantified using a mod-
ified version of (Hart et al., 1994), according to (Dassonville et al., 2011). 
Briefly, the fresh equivalent of 3 g of dried soil were suspended in 30 mL of 
(NH4)2SO4  (1.25 mg N L−1) and incubated in a rotary shaker (180 rpm, 28 °C). 
Nitrate and Nitrite production were measured after 60, 150, 240, and 300 min-
utes in triplicate. At each point, 2 mL of suspension were filtered at 0.20 μm to 
remove microorganisms and large particles, and were then frozen at −18 °C 
prior to analysis. Nitrate and nitrite content of the filtrate was analyzed using 

ionic chromatography (DX120, Dionex, Salt Lake City, USA) and a 4 × 250 mm 
column (IonPac AS9 HC). NEA was calculated as slope mg (N − NO3 + NO2)/L/h.

STATISTICAL ANALYSES

Statistical analyses were performed in R 3.2.3 (R Core Team, 2014a). For all 
measurements, each treatment was normalized by the averaged control 
samples for each time point. Significant differences between treatment and 
control were calculated with two-tailed t-tests. In order to detect changes in 
the relationships between functional groups, phylogenetic groups, and NEA 
in response to the treatments, we measured the correlation between these 
variables over time, for each treatment. 

RESULTS

RESPONSE OF NITRIFIERS TO DISTURBANCE

To evaluate the effect of heat and cold disturbances on the four groups of nitrifi-
ers, we first assessed their responses to single heat or cold shocks in soils without 
a disturbance legacy. Each group exhibited different sensitivities to these treat-
ments (Figure 1). For both groups of ammonia oxidizers, the effects of disturbance 
were not immediately evident, however differences from the controls were ob-
served by day 35 (D35), that is, after ten days of recovery. At this time, we detected 
an 8% decrease in the abundances of AOA relative to the controls (p = 0.025) in 
the NH treatment and a 16% decrease in the NC treatment (p < 0.001). In contrast, 
the AOB exhibited a 10% decrease relative to the controls when exposed to a heat 
shock (p = 0.033), but they were not significantly affected by the cold shock at any 
time point. Both groups recovered to the control levels by D49. 

The effect of the heat and cold shocks on the NOB was highly variable. Thus, 
Nitrospira-like NOB exhibited no significant differences from controls for both 
the NH and NC treatments. Nevertheless, they decreased, reaching the lowest 
abundances on D42, with 7% and 13% average decreases relative to the con-
trols, respectively. The Nitrobacter-like NOB reached their lowest abundances 
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on days 42 (9% average decrease relative to controls, p = 0.038) and 49 (6.5% 
average decrease relative to controls, p = 0.008) of the NH and NC treatments, 
respectively. Notably, neither group of NOB recovered from the heat shock.

THE EFFECT OF LEGACY

As expected, the AOB abundances in soils from the HC treatment showed no 
significant differences from those in the HN treatment, at any time point. In soils 
exposed to the HH treatment, the second heat shock had a strong effect on the 
AOB, which remained significantly different from the controls and the HN treat-
ments for the rest of the experiment, showing no signs of recovery. Specifically, 
the AOB remained at 65% of controls, on average. The HH treatment also had 
the strongest effect on the AOA, but these effects were only significantly differ-
ent from the control and HN treatments on D35 (17% loss; p < 0.05), and were 
followed by recovery to control levels by the end of the experiment. The HC 
treatment also had a weak effect on the AOA, and samples from this treatment 
were only distinguishable from the control and HN treatments on D35 (p < 0.05).

As mentioned above, the HN, HH and HC treatments exhibited extreme be-
tween-replicate variability in the abundance of Nitrobacter-like NOB, and no 
clear patterns were observed. In contrast, the second heat and cold shocks in 
the HH and HC treatments had no initial effects on Nitrospira-like NOB, but by 
D42, the ones in the HH treatment recovered more rapidly than those in all oth-
er legacy treatments. On D49, those in the HC treatment reached their lowest 
abundance, with a 22% average decrease relative to the controls (p = 0.005).

TEMPORAL DYNAMICS OF NITRIFICATION ENZYME ACTIVITY (NEA)

We also quantified the soil’s NEA throughout the experiment in order to as-
sess whether the disturbance had an effect on the functional output of the soil 

Figure 1. Changes in the abundances of nitrifying groups according to the disturbance 
history. Microbial abundances are displayed relative to the control (no disturbance) over time. 
Error bars denote standard deviation. Black dotted lines denote the date of exposure to heat or 
cold shock. Colored dotted lines indicate missing data for a given time segment. 
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microbial communities (Figure 2). Despite the high between-replicate variability 
observed, we found that NEA was strongly affected by both the heat and cold dis-
turbances, resulting in 24% and 19% average losses in the activities relative to the 
controls on D25 (one day after disturbance), in the NH and NC treatments respec-
tively. In contrast, NEA in these treatments surpassed that in the controls after D35. 

Further decreases in NEA were then observed in all the legacy treatments 
(HC, HH, and HN), which reached their lowest activity on D35 with a 51% re-
duction relative to controls, on average. Thereafter, the samples from the 
HH treatment exhibited the fastest recovery in NEA, reaching control levels 
by D42, followed by samples from the HN treatment, which reached control 
levels by D49. On the other hand, NEA in the HC treatment remained low for 
the rest of the experiment, with an average loss of 54% in NEA relative to the 
controls. Despite the high variability, we detected significant differences be-
tween the HC treatment and both the control and HN samples (p < 0.05) on 
D49, further supporting the strong decrease in NEA in this treatment. 

RELATIONSHIP BETWEEN THE NITRIFIER ABUNDANCES AND THE 
NITRIFICATION PROCESS

We next explored how the disturbance treatments affected the correlations 
between the four groups of nitrifiers and NEA (Figure 3). The abundance data 
of Bacteria and Archaea relative to the controls are available in Supplementary 
Information S1, and will not be further discussed here. Concerning the nitri-
fiers, in the NC treatment (Figure 3, top-left), the two NOB groups exhibited 
strong and significant (p < 0.05) positive correlations with each other as well 
as with the AOB. A similar pattern was observed in the HC treatment (Figure 3, 
bottom-left).

Figure 2. Changes in potential nitrification activity relative to control according to the dis-
turbance history. Error bars denote standard deviation. Black dotted lines denote the date of 
exposure to heat or cold shock. 

Figure 3. Correlations between the abundances of the nitrifying groups and between abundanc-
es and nitrification enzyme activity observed for each disturbance history. Abundances were 
normalized by the values observed for control (undisturbed) soil. Grey boxes indicate no signifi-
cant correlations (p > 0.05), while the coloured scale indicates R values of significant correlations.
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In contrast, the positive correlation between AOB and Nitrospira-like NOB 
was not significant in the NH treatment (Figure 3, top-right), but we observed 
a significant correlation between AOB and AOA. These patterns were greatly 
altered in the HH treatment, however. Soils in this treatment (Figure 3, bot-
tom-right) exhibited no significant correlation between the two NOB groups, 
but the positive correlations between AOB and Nitrobacter-like NOB, and be-
tween AOB and AOA, were maintained. Additionally, a significant (p < 0.05) 
positive correlation was observed between NEA and AOB. 

DISCUSSION

Understanding how microbial interactions, particularly those which are im-
portant for the provision of ecosystem services, re-establish and adapt fol-
lowing perturbation is crucial in the face of increasing pressures on soil eco-
systems (Smith et al., 2015a). To this end, we evaluated how the ecologies of 
the four functional groups responsible for the two steps of nitrification (being 
one-sidedly interdependent on the basis of the compounds needed for ener-
gy generation) affect nitrification activity. 

We used the abundance of functional marker genes in soil DNA as a proxy 
for the abundance of the different groups of ammonia and nitrite oxidizers. 
A cautionary note is in place here: our estimates of the abundance of each 
functional group may have been biased by the accumulation of DNA in soil 
following cell lysis. This technical aspect may explain why one day after distur-
bance (D25), no significant effects were observed between the abundances 
in any of the treatments and the controls for any of the functional groups, but 
became apparent ten days later (D35). However, the gradual depression and 
recovery observed for most of the groups suggests that the direct DNA-based 
method was successful over broader temporal scales (> 1 day). 

ECOLOGY OF AOB AND AOA

The response patterns of nitrifiers to heat and cold shocks in the absence of 
a disturbance legacy served to discern the different ecologies of each func-
tional group. AOA exhibited an earlier decrease and recovery in the HH treat-
ment than in the NH treatment. We have previously shown that microbiomes 
in soils pre-exposed to a disturbance often recover more rapidly when re-ex-
posed to the same disturbance than in those without a pre-exposure (Jurburg 
et al., 2016a). A popular hypothesis that explains the accelerated recovery in 
re-disturbed systems is that the first disturbance removes the sensitive pop-
ulations from the community (leaving key resistant or tolerant ones), so that, 
upon re-exposure, the community is highly resistant. This hypothesis is not 
consistent with the patterns observed for AOA, as the abundance of this group 
reached comparable levels after both heat disturbances, regardless of legacy. 
Rather, we hypothesized that the accelerated recovery may result from the loss 
of other organisms from the system, which reduces competition or even pre-
dation between the survivors, as previously suggested (Jurburg et al., 2016a). 
In contrast, a second heat disturbance, as in the HH treatment, had an op-
posite effect on the AOB, which exhibited further reductions in abundance 
and failed to recover. In contrast, AOB in gas biofilters exposed to increasing 
high-intensity ammonia shocks have been shown to become resistant to ex-
treme ammonia shocks (Cabrol et al., 2015). We suspect that the heat shock 
represented a more extreme ecological challenge than an ammonia shock, 
from which only a portion of the community was able to survive. Sensitive 
AOB might have been partially removed by the first shock and completely re-
moved by the second, making recovery of this portion of the AOB impossible. 
We expect that, given more time, the AOB population might have recovered 
and become heat-resistant, as heat-tolerant taxa took over the empty niche 
spaces. Notably, AOB were resistant to the cold shock, while AOA were not. 
Our results suggest that AOB were the dominant ammonia oxidizers in our 
system, and thus it is likely that their resistance buffered the system from 
downstream effects (i.e., a reduction in nitrite availability for NOB) in the NC 
and HC treatments. We suspect that, had the system been dominated by AOA, 
we would have observed a surge in AOB abundance in the aftermath of the 
NC and HC treatments. 
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LINKS BETWEEN FUNCTIONAL GROUPS AND NEA

The reductions in the abundance of nitrifiers observed throughout this exper-
iment—with the exception of AOB in the HH treatment—were minor relative 
to the size of the soil bacterial community. However, the decreases observed 
in NEA show that they were functionally significant. Perhaps the most striking 
pattern observed in this study was the response of the Nitrospira-like NOB to 
the legacy treatments. This group exhibited the most rapid recovery in the HH 
treatment, surpassing those in the HN treatment by D24, while it was the most 
negatively affected in the HC treatment. We speculate that the heat and cold 
disturbances affected different portions of the Nitrospira-like NOB, and were 
thus doubly affected by the HC treatment. We further suspect that the more 
rapid recovery observed for the HH treatment resulted from the elimination 
of sensitive group members during the first heat shock. A standing question 
is why this pattern was so slow to emerge, particularly for the HC treatment. 

Importantly, the same patterns were observed for the legacy treatments in 
NEA. Unfortunately, no significant correlations were detected between these 
two measures, probably due to the high variability in NEA. Nevertheless, our 
results largely suggest that Nitrospira-like NOB may have been linked to the 
NEA measured, at least in soils with a disturbance legacy. This coincides with 
the identification of this functional group as a key driver of nitrification in 
agricultural soils (Xia et al., 2011). I here posit that the variability in NEA ob-
scured the identification of the main contributors to the observed nitrification 
activity. For the whole experiment, we only detected one positive correlation, 
between AOB and NEA in the HN treatment. This correlation was expected, as 
AOB are believed to be the main ammonia oxidizers in many soils, in particular 
in agricultural soils (Wertz et al., 2012; Xia et al., 2011), and ammonia oxida-
tion is considered to be the limiting step in nitrification (Nowka et al., 2015). 
However, we expected to detect this relationship in the NC treatment, as AOB 
were not affected by the cold shock. Notably, our results further indicate that 
AOB are not the only key driver (rate-determining group) of NEA, as we ob-
served a permanent decrease of AOB in the HH treatment, but the recovery 
of NEA by D42. This can be attributed to either the resulting AOB population 
being more efficient, or to part of the NEA being taken over by AOA. 

CONCLUSION

This study resolved the ecologies of each functional group involved in nitrifi-
cation, in terms of the dynamics in their relative abundances. In general terms, 
the changes in the latter were not very drastic, implying a rather high level 
of recalcitrance of all functional groups. Concomitantly, it was not possible 
to conclusively determine whether the relative importance of the nitrifying 
groups changed over time. However, our results provide preliminary evidence 
for the contention that the Nitrospira-like NOB constitute a key group in ni-
trification, as they potentially became limiting with increasing perturbation. 
This incited a possible functional decoupling between ammonia oxidizers and 
nitrite oxidizers. Further studies, that apply higher temporal resolutions, are 
necessary to determine whether the differences in the sensitivities of the AOA 
and AOB to heat and cold shocks have any long-term effects on the coupling 
between ammonia oxidizers and nitrite oxidizers. Furthermore, monitoring 
the nitrifiers in the context of the overall microbiomes, like performed here, 
may shed light on the temporal dynamics in the relative abundances of the 
nitrifiers, as their dynamics are presumably strongly affected by direct or indi-
rect interactions with neighboring - non-nitrifier - microbiota. 
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ABSTRACT

Increasing climatic and anthropogenic pressures on soil ecosystems are ex-
pected to create a global patchwork of disturbance scenarios. Some regions 
will be strongly impacted by climate change, others by agricultural intensifica-
tion, and others by both. Soil microbial communities are integral components 
of terrestrial ecosystems, but their responses to multiple  perturbations are 
poorly understood. Here, we exposed soils from sustainably- or  intensively- 
managed grasslands in a cork oak agroecosystem to month-long extreme 
drought and flood simulations in a controlled mesocosm setting. We moni-
tored the response of the bacterial communities at the end of one month as 
well as during the following month of recovery. The bacteriomes in sustain-
ably-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 ex-
hibited changes in bacterial community composition in response to flood-
ing. In contrast, sustainably-managed soils were unaffected by drought. 
Intensively-managed soils exhibited faster post-disturbance dynamics than 
sustainably-managed ones. Finally, the rate of response of several taxa (i.e. 
Chloracidobacteria RB41, Janthinobacterium sp.) to precipitation depended on 
land management. Our findings show that strong climatic and anthropogenic 
pressures have synergistic effects on soil bacterial communities. 

INTRODUCTION

The increased frequency and severity of soil flood and drought events predict-
ed from climate change (Donat et al., 2016) and growing anthropogenic pres-
sures (i.e., agricultural intensification and pollution) are expected to create 
a patchwork of distribution of environmental changes. The manner in which 
these stressors will affect local communities poses a further complication to 
our understanding of the effects of climate change. In soil, microbial commu-
nities are key regulators of nutrient cycles, with the potential to alter global 
carbon, nitrogen and greenhouse gas budgets (Jeffery et al., 2010). However, 
their response to this patchwork of stressors has not been explored. 

In soil, floods and droughts strain the local microbial communities by 
creating physiological challenges, including maintaining osmotic balance 
and avoiding desiccation (Schimel et al., 2007). At a community level, the 
potential for altered precipitation patterns to alter soil microbial community 
structure and function has been explored in some previous studies (Singh et 
al., 2010; Wallenstein and Hall, 2012). For example, drying and rewetting may 
result in long-term changes to microbial 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 tempera-
ture) were found to be more resistant to similar stresses in the future than 
those that did not experience such perturbations (Bérard et al., 2012; Evans 
and Wallenstein, 2012). In contrast, fungal communities were less affected 
(Barnard et al., 2013). 

The effect of land management has also been explored. Soil microbial 
communities under intensive agricultural management exhibit different com-
munity structures and higher biomass than those under sustainable manage-
ment (Bissett, Richardson, Baker, & Thrall, 2011; Garbeva, Van Veen, & Van Elsas, 
2003; Montecchia et al., 2011). In one case, the microbial communities un-
derlying a harvested forest exhibited a significant, 16%, decrease in biomass 
decomposition genes even 12 years after harvesting as measured by metage-
nomics (Cardenas et al., 2015). 

The combination of the aforementioned two types of stressors, which 
results in a form of compounded perturbation, may have multiplicative con-
sequences for soil ecosystems (Paine et al., 1998). However, the response of 
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soil microbial communities to compounded perturbation is still a significant 
gap in our knowledge (Franciska T De Vries & Shade, 2014). In soil, changes in 
land management present long-term environmental factors that require the 
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). 
To our knowledge, the combined effect of changes in land management and 
precipitation has not been examined, however a multiplicative effect of com-
pounded perturbation has been found when stressors present different phys-
iological challenges (Kuan et al., 2006; Müller et al., 2002; Tobor-Kaplon et al., 
2005). For example, studies examining the response of microbiomes in heavy 
metal-contaminated soils to transient heat stress found that the combination 
of both disturbances results in decreased recovery of substrate utilization ca-
pacity relative to controls as well as alterations in community structures, as 
evaluated by PCR-DGGE (Kuan et al., 2006; Müller et al., 2002; Tobor-Kaplon et 
al., 2005). In one case, the microbial community (as evaluated by PCR-DGGE) 
in an organo-mineral pasture soil exhibited less changes in response to ben-
zene amendment than a mineral, arable soil (Girvan et al., 2005). This multi-
plicative effect may result from the reduction in diversity caused by the initial 
perturbation, which would result in a reduced number of ‘resistant’ or ‘tolerant’ 
bacterial populations capable of responding to the second disturbance. 

We studied whether the management regime of an oak agroecosystem 
soil affects the soil microbial community’s response to extreme precipitation 
events similar to those expected from climate change. We define resilience as 
the process of reorganization following disturbance, and describe it in terms 
of resistance and recovery (Hodgson et al., 2015). Resistance is the (inverse of 
the) instantaneous effect of the disturbance, or the extent to which the com-
munity changes in immediate response to the disturbance. Recovery is the 
process by which the disturbed system returns to an equilibrium (Hodgson 
et al., 2015). Intensively-managed plots were subjected to regular grazing by 
sheep, as well as agrochemical inputs to improve yield. It is estimated that 
60% of the world’s agricultural lands are used for grazing (Houghton, 1994). 
Previous studies have shown that intensive grazing affects the soil microbial 
community structure and function (Ingram et al., 2008; Klumpp et al., 2009; 
Le Roux et al., 2007), that altered vegetation affects the underlying microbio-
ta’s response to drought (Franciska Trijntje de Vries et al., 2012), and that soils 

without agrochemical inputs are better able to retain nutrients during dry-
ing-rewetting events than high-productivity soils supplemented with fertilizer 
(Gordon et al., 2008). 

We hypothesized that sustainably-managed soils will contain more diverse 
microbial communities, and that such communities will be more resistant/tol-
erant to the precipitation treatments due to a greater level of functional redun-
dancy. We also expect that the intensively-managed, grazed soils will recover 
from the treatments more rapidly than sustainably-managed counterparts as 
they are regularly exposed to more extreme environmental fluctuation due to 
the diminished vegetation cover and higher frequency of compaction. 

We applied extreme precipitation regimes by selecting precipitation maxi-
ma and minima from the last two decades of local precipitation data, creating 
wetness conditions that were incrementally stronger than those in previous 
years. We thus avoided exposing the soil microbial communities to completely 
novel ecological challenges, which may elicit more drastic responses (Hawkes 
and Keitt, 2015). In fact, the gradual intensification of precipitation regimes 
across the globe is expected to promote gradual community adaptation in 
the long term (Wallenstein and Hall, 2012). We exposed intact field-collected 
soil cores from intensively-grazed versus sustainably-managed grasslands to 
month-long extreme drought and flood scenarios, and studied the bacterial 
communities for an additional month as they recovered. Our findings suggest 
that land management indeed is a crucial factor in determining soil responses 
to climate change.

MATERIALS AND METHODS

FIELD SITE

Samples were taken from an agro-silvo-pastoral oak woodland (Quercus 
 suber and Quercus ilex) located in the Alentejo region of Portugal. The area is 
located ~290 m above sea level and exhibits a Mediterranean climate, with 
a mean annual precipitation of between 600 and 1000 mm. Our sampling site 
consisted of two contiguous plots: a sustainably-managed plot (Sustainable, 
38°42’7”N, 8°18’29”W, pH ~5.9) and an adjacent, intensively-managed grazed 
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plot (Intensive, 38°42’14”N, 8°20’19”W, pH ~5.6). The sustainably-managed 
plot was characterized by the exclusion of grazing by sheep and natural veg-
etation for > 20 years, whereas there was regular grazing by sheep as well as 
active plowing and sowing of palatable herbs for grazing in the intensive-
ly-managed plot. The soil from both plots was sandy loam. Further informa-
tion about each plot’s nutrient contents and a list of vegetation is available in 
Supplementary Information, S1. 

SIMULATION OF EXTREME PRECIPITATION EVENTS

In order to simulate extreme month-long rainfall and drought events, we select-
ed the most extreme precipitation events between 1994 and 2013 from regional 
precipitation records from the Mitra station, in the Évora Geophysics Center data-
base (http://www.cge.uevora.pt/pt/component/cge_bd/?cge_bd_e_first=mit). 
The drought regime was developed by calculating the mean daily precipita-
tion during summer months (June, July, and August, 0.33 mm/day). The flood 
regime was developed by calculating the mean daily precipitation for winter 
months (November, December, and January, 4.7 mm/day), excluding months 
for which the mean daily precipitation was lower than the 20-year average 
for these months. The control rain regime was developed by averaging the 
yearly mean daily precipitation for the 20 years of data available (~1.76 mm/
day). These were applied to cores from each management regime, in triplicate. 

MESOCOSM EXPERIMENT 

We employed Terrestrial Model Ecosystems, in which a large cylinder of soil is 
extracted from the land and moved to a laboratory setting, preserving over-
lying vegetation and soil structure (after Rombke et al., 2004; J D Van Elsas, 
Dijkstra, Govaert, & Van Veen, 1986). Eighteen intact soil cores were extract-
ed in March 2014 using a soil core extractor, which contained a high-density 
polyethylene tube that also served as an encasement for the cores. Cores mea-
sured 40 cm in length and 16.5 cm in diameter. Nine cores were extracted from 
each of the Sustainable and Intensive plots. Gauze separated the cores from 

the bottom of the cylinder, which was fitted with PVC pipe, allowing soil cores 
to drain. Cores were transported to temperature-controlled carts in a con-
trolled chamber immediately after extraction and were partially isolated from 
each other by clear plastic enclosures at the soil surface. All cores were kept at 
control precipitation conditions (~1.76 mm/day) for 20 days, and were then 
subjected to treatment or control regimes for 28 days: 6 cores (3 Sustainable 
and 3 Intensive) were subjected to the drought regime (0.33 mm/day), 6 were 
subjected to the flood regime (4.7 mm/day), and 6 were maintained under 
control precipitation (~1.76 mm/day), resulting in triplicate cores for each 
source x treatment combination. Finally, all cores were returned to control 
precipitation regimes (~1.76 mm/day) for 26 days of recovery. Throughout the 
experiment, grasses in Intensive mesocosms were partially removed by pluck-
ing every ~10 days to simulate grazing. Watering took place three times per 
week, using artificial rain water prepared according to Velthorst (1993), and 
soil moisture content was monitored by inserting soil probes (Decagon devic-
es Inc., Pullman, WA) into one core per source x treatment combination. Soil 
moisture data is available in Supplementary Information, S2.

Soil samples were obtained from all cores on the 30th and 32nd day of the 
extreme precipitation treatment to study resistance, as well as on the 5th, 12th, 
and 26th days of recovery. At each sampling time, 3 small cores (diameter 2 cm; 
length 15 cm) were collected from each core at a random location, avoiding 
the moisture probe and the edges of the core. The three soil cores from each 
mesocosm were pooled, homogenized and sieved through a ~2 mm sieve 
prior to analyses. Holes resulting from sampling were filled with PVC pipes to 
reduce disturbances in the structure of the soils.

For each time point and each core, DNA was extracted from 0.5 g of fresh 
soil using the MoBio PowerSoil DNA Extraction Kit (MoBio Laboratories, 
Carlsbad, CA, U.S.A.) following the manufacturer’s instructions, with three 
additional rounds of bead-beating for 30 sec using a Tissue Lyser LT equip-
ment (Qiagen, Hilden, Germany). The concentration and band size of the re-
sulting products were quantified by electrophoresis using a 0.8% agarose gel 
with a SmartLadder (Eurogentec, Liege, Belgium). One field sample from the 
Sustainable and one from the Intensive plots were also processed using the 
same procedure.
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16S rRNA COPY NUMBER QUANTIFICATION

The number of 16S rRNA gene copies in the total community DNA were used 
to estimate the number of bacteria throughout the experiment. Copy num-
ber quantification was performed using an ABI PRISM 7300 Cycler (Applied 
Biosystems, Germany) as previously described (Pereira e Silva, Dias, van Elsas, 
& Salles, 2012) by targeting the 264-bp V5-V6 region of the 16S rRNA gene 
(primers 16SFP/16SRP (Bach, Tomanova, Schloter, & Munch, 2002)). A stan-
dard curve spanning six orders of magnitude (102-108) was generated using 
linearized plasmids containing a 16S rRNA gene cloned from a Burkholderia 
species. Amplification efficiency (E) was calculated according to the equation, 
E = (10−1/Slope − 1). For both runs, E = 100 ± 10%. All data are shown as log gene 
copy number g−1 soil.

16S rRNA GENE AMPLICON SEQUENCING AND ANALYSES

16S rRNA gene amplicon sequences were used to monitor bacterial commu-
nity composition. Sequencing was performed using an Illumina MiSeq system 
at Argonne National Laboratory (Argonne, IL, U.S.A) as previously described 
(Caporaso et al., 2012). The raw sequences were analyzed using QIIME 1.9.0 
(Caporaso et al., 2010c). Briefly, forward and reverse paired-end sequences 
were joined using the join_paired_ends.py command, and FastA headers 
were made QIIME-compatible with the split_libraries_fastq.py command. 
Operational taxonomic unit (OTU) picking was performed with the pick_
open_reference_otus.py command, using the default uclust method and the 
Greengenes database, with the suppression of step 4 of the command. 

Further analyses were performed in R 3.2.3 (R Core Team, 2014b) using the 
Phyloseq (McMurdie & Holmes, 2013) package. Singletons were removed and 
all samples were rarefied to 29300 reads per sample using rarefy_even_depth 
from the Phyloseq Package (seed.number = 266315), which led to the loss of 
3 samples from the 12th day of recovery. An outlier was also removed after ex-
amining its composition. The final dataset contained 2 549 100 reads distrib-
uted into 87 samples and 13 402 OTUs. 

STATISTICAL ANALYSES

α-diversity was calculated using the Shannon-Wiener diversity index and 
Pielou’s evenness, in the R environment, using the vegan package (Oksanen 
et al., 2007). Differences between treatments were evaluated with Kruskal-
Wallis tests for α-diversity as well as for the total 16S rRNA gene copy counts. 
Pairwise differences were evaluated using a post-hoc Tukey test after Nemeyi 
from package PMCMR (Pohlert, 2014). 

To characterize the bacteriomes of both plots in the absence of precipi-
tation extremes, we pooled all samples from control mesocosms for the sus-
tainably-and intensively-managed plots. To evaluate changes in community 
composition in response to the extreme precipitation treatments we created 
ternary plots of taxa with average abundances greater than 0.1% in samples 
pooled from the 30th and 32nd day of treatment for each management × treat-
ment combination, using package ggtern (Hamilton, 2015). A principal co-
ordinates analysis (PCoA) of Bray-Curtis distances was used to visualize the 
relative differences between soil source, experimental treatments, sampling 
time (pooled into Treatment or Recovery phases), and between core and field 
samples. PERMANOVAs of Bray-Curtis distances between samples were per-
formed using RVAideMemoire (Hervé, 2012). Principal response curves (PRCs) 
were used to follow microbial community recovery (Van den Brink and Ter 
Braak, 1999). We selected 79 taxa with species scores > |2| in a PRC including 
all managements, only sustainably-managed or only intensively-managed 
soils for further analyses. For the heat map, these taxa were centered and 
scaled, Euclidean distances were calculated and taxa were clustered using 
Ward’s method. 

RESULTS

BACTERIAL ABUNDANCE AND Α-DIVERSITY

Total bacteria, quantified in terms of numbers of copies of bacterial 16S rRNA 
genes, exhibited no significant effect of either soil management, treatment or 
whether the samples were taken during treatment or recovery (Kruskal-Wallis 
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χ2 test, p > 0.4 for all comparisons, Supplementary Information, S3). Thus, us-
ing the total bacterial community DNA, similar sizes of bacterial biomass were 
estimated across all samples, regardless of treatment or core source. 

In contrast, the α-diversity values differed between the soils from the dif-
ferent treatments and sources (Figure 1). For all samples, sustainably-man-
aged soils were richer (1-tailed t-test of Shannon’s H, p = 0.006) and more 
even (1-tailed t-test of Pielou’s J, p = 0.022) than the intensively-managed 
ones. Kruskal-Wallis χ2 tests also revealed significant effects of management 
x treatment on richness (χ2 = 14.6871, p = 0.0403) and evenness (χ2 = 16.582, 
p = 0.020), as well as of source × time × treatment on richness (χ2 = 16.102, 
p = 0.003) and evenness (χ2 = 18.183, p = 0.001), suggesting that the commu-
nities changed in response to the treatments. 

RESISTANCE OF THE BACTERIAL COMMUNITY TO TREATMENT 
EFFECTS

To characterize the (control) microbial communities in both management 
regimes, we analyzed the pooled soil samples collected in the control meso-
cosms from all time points in each source plot. The bacteriomes in the soils 
from both plots were similar at the higher taxonomic levels, and dominated by 
members of the Proteobacteria, Acidobacteria, Verrucomicrobia, Actinobacteria 
and Bacteroidetes. One-tailed t-tests between cores from sustainably- and 
intensively-managed soils revealed a significantly higher proportion of 
Actinobacteria, Verrucomicrobia, Firmicutes, Nitrospira and Planctomycetes 
in sustainably-managed cores, and a significantly higher proportion of 
Proteobacteria (mostly α-Proteobacteria), Bacteroidetes, Gemmatimonadetes 
and Cyanobacteria in intensively-managed cores (Supplementary Information, 
S4, p < 0.01 for cases with significant differences).

In order to quantify the resistance of the bacteriomes to the impact of the 
treatment, we compared control samples with those exposed to extreme pre-
cipitation regimes from days 30 and 32 of treatment (Figure 2). The analysis 
showed that the effects of the drought and flood treatments on the communi-
ties were largely dependent on land management. Sustainably-managed soils 
exposed to flood exhibited increases in the relative abundances of Koribacter 

Figure 1. Changes in α-diversity over time, measured as Shannon’s richness (top) and Pielou’s 
evenness (bottom), grouped by precipitation treatment and soil source. Error bars represent 
standard error. 

Figure 2. Ternary plot of samples from the end of the treatment (samplings of days 30 and 
32). Samples taken during the extreme precipitation treatment were pooled. The most abun-
dant taxa representing 50% of the community were selected. Circle size indicates the sum of 
reads found for that operational taxonomic unit (OTU) in the three precipitation treatments 
from the same soil source. 



CH
A

PT
ER

 7
: B

A
C

TE
RI

A
L 

CO
M

M
U

N
IT

IE
S 

IN
 S

O
IL

 B
EC

O
M

E 
SE

N
SI

TI
VE

 T
O

 D
RO

U
G

H
T 

U
N

D
ER

 IN
TE

N
SI

VE
 G

RA
ZI

N
G

146 147

7

sp. (Acidobacteria), Pedobacter sp. and several unclassified members of the 
Chitinophagaceae (Bacteroidetes), as well as several proteobacterial OTUs in-
cluding Acinetobacter sp., Janthinobacterium sp. and Luteibacter sp.. No major 
changes were observed from exposure to the drought treatment. 

On the other hand, the intensively-managed soils exposed to flood exhibit-
ed increases in the relative abundances of Sphingobacterium sp. (Bacteroidetes) 
as well as proteobacterial OTUs assigned to Comamonadaceae (Proteobacteria) 
and a single OTU classified as a Janthinobacterium sp.. Intensively-managed 
soils exposed to drought exhibited increases in the relative abundances of 
Streptomyces sp. and Glycomyces sp. (Actinobacteria); Acinetobacter sp. and 
an unclassified Xanthomonadaceae OTU (Proteobacteria); Sphingobacterium 
sp. and Chitinophaga sp. (Bacteroidetes). 
 

BACTERIAL COMMUNITY RECOVERY

No differences were observed in the structures of the dominant portion of the 
bacterial communities from specific time points (Figure 3), but clear and sig-
nificant differences were observed between the communities sampled during 
treatment and recovery for each mesocosm, suggesting that the community 
underwent post-disturbance reorganization. A PERMANOVA of the Bray-
Curtis distances of all bacteriomes revealed significant differences between 

the community structures from intensively- and sustainably-managed plots 
exposed to flooding during recovery. Moreover, the communities in inten-
sively-managed soils subjected to drought were different from those in the 
controls (p < 0.01 for all pairwise comparisons, Figure 3), whereas no such dif-
ferences were observed for the drought treatments in the sustainably-man-
aged soils, further supporting the tenet that the microbial communities in 
intensively-managed soils are vulnerable to drought, but the ones from sus-
tainably-managed soils are not. 

We performed a principal response curve (PRC), which showed a clear 
separation between soil management types, but the effect of precipitation 
treatments over time was less apparent (Supplementary Information, S5). 
To further explore the community dynamics, we selected OTUs with species 
scores greater than 2 or smaller than −2 in the PRC for inspection, as these are 
expected to play a more substantial role in the temporal patterns observed in 
community composition (Figure 4). These 79 OTUs made up 34% of the com-
munities on average, and could be grouped into two main clusters: (1) OTUs 
which were predominantly present in sustainably-managed soils and (2) those 
which were mostly present in intensively-managed soils. For example, 7 OTUs 
of classified as different strains of Chthoniobacter DA101 were most abundant 
in sustainably-managed soils under control conditions, (together, 8% of the 
community on average). They decreased under flood and drought conditions 
(5% and 6% of the community on average, respectively), but were at lower 
relative abundances in intensively-managed soils under all conditions (2% of 
the community on average, Figure 4). In contrast, 5 OTUs classified as different 
strains of Kaistobacter sp. exhibited highest relative abundances in intensively- 
managed soils exposed to flooding and drought, particularly on the 5th day of 
recovery (together, 14% of the community on average for both treatments), 
slightly lower relative abundances in control soils (9.5% of the community 
on average), and much lower ones in sustainably-managed soils (2% of the 
community on average for all treatments, Figure 4). Notably, 13  OTUs as-
signed to different strains of Koribacter or Koribacteraceae exhibited different 
patterns. Those which were most abundant in intensively-managed soils were 
negatively affected by drought. For example, one OTU exhibited an average 
relative abundance of 0.5% in intensively-managed control soils, 0.7% in soils 
exposed to flood, and 0.2% in soils exposed to drought. Five OTUs assigned 

Figure 3. Community composition over time. A single Bray-Curtis PCoA, grouped by treat-
ment. PERMANOVAs showed a highly significant difference between Intensive and Sustainable 
soils for all treatments and times (p = 0.001), and a highly significant effect of Source*Treatment 
(p = 0.0011), except for Sustainable soils exposed to drought or control conditions (p = 0.089).
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to Sphingobacteriaceae and Pedobacter sp. were more abundant in  intensively- 
managed control soils than in sustainably-managed soils (1.5% and 0.5% of 
the community in total, respectively), but increased in sustainably-managed 
soils exposed to flooding (1.5% of the community in total), particularly during 
the flooding, and decreased during recovery back to control levels. In both 
soil management types, several of these OTUs exhibited highest relative 
abundances during treatment, and rapidly decreased during recovery. In con-
trast, three members of the Burkholderiales (Janthinobacterium sp., Ralstonia 
sp., and an unclassified OTU) had similar relative abundances in both soil man-
agement types (0.3% of the community in total), but increased to a  greater 
degree in sustainably-managed soils when exposed to flooding (4% and 
0.8% of the community, respectively). Finally, the response of some lowly- 
abundant taxa (< 0.5% of the community) to flood depended on the source 

soil. For example, an unclassified Acidobacteria OTU decreased from 0.6% to 
0.3% in the sustainably-managed flood treatment but remained low (0.2%) 
in all intensively-managed mesocosms. In another example, an OTU match-
ing Chloracidobacteria RB41decreased relative to the controls from 0.3% to 
< 0.1% of the community in the flood treatment for sustainably-managed 
mesocosms, but significantly increased relative to the controls from 0.2% to 
0.4% of the community in flood and drought treatments for the  intensively- 
managed mesocosms (Figure 4). 

DISCUSSION

Given the increase in anthropogenic pressures worldwide and the forecast-
ed intensification of precipitation patterns, it is crucial to understand whether 
the resilience of soil ecosystems under stress is impaired. Our findings show 
that, in a cork oak ecosystem with differential grazing intensity, the level of 
response of soil bacterial communities to extreme precipitation events  clearly 
depends on the land management. The overlying vegetation, which was 
maintained for the duration of the experiment, may explain the higher mois-
ture content in the sustainably-managed soils under all treatments, as these 
had a thicker layer of overlying vegetation (Supplementary Information, S2). 
As has been documented in other studies (Fierer et al., 2003), this vegetation 
may have buffered the soils against changes in precipitation regimes. 

The higher rate of fluctuation in moisture in the intensively-managed soils 
may partially explain the differences found in the original microbial commu-
nity compositions of the two management types. The larger proportion of 
α-Proteobacteria and Bacteroidetes—which contain many copiotrophic phyla 
with potentially fast growth responses (Fierer et al., 2007)—in the intensively- 
managed cores points to an effect of the larger fluctuations of moisture con-
ditions favoring rapid growth and adaptation in these soils. On the  other hand, 
the higher proportion of Actinobacteria, Verrucomicrobia, Firmicutes, Nitrospira 
and Planctomycetes, which contain slow-growing or sensitive taxa (Attard et 
al., 2010; Buckley et al., 2006; Fierer, 2015), supports the notion that the sus-
tainably-managed soils were exposed to less environmental change, favoring 
specialists. 

Figure 4. Heatmap of taxa driving changes in community composition during the exper-
iment. Taxa with species scores > |2| in one of three principle response curves (all treatments 
and sources, all treatments in Intensive soil, or all treatments in Sustainable soil) were includ-
ed.  Taxon abundances were centered and scaled per operational taxonomic unit. Clustering is 
based on Ward’s method, using Euclidean distances. These taxa represent 34% of the total com-
munity on average. The color bar on the bottom indicates sampling time, and the color bar on 
the right indicates the phylum of each OTU. Different OTUs are separated by a black line. 
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It was intriguing that only the bacteriomes in the intensively-managed me-
socosms exhibited changes in response to the drought treatment. These were 
characterized by increases in the relative abundances of Actinobacteria com-
pared to the controls, specifically taxa belonging to Streptomyces (Figures  2 
and 3). Actinobacteria have been reported to flourish upon changes of mois-
ture in soil (Barnard et al., 2013), and drying of soil has also been shown to 
favor the growth of Streptomyces (Williams et al., 1972). Drought also resulted 
in an increase of rapid-growing, opportunistic taxa with the ability to metab-
olize complex hydrocarbons such as Acinetobacter sp. (Doughari et al., 2011), 
Sphingobacterium sp., and Chitinophaga sp. (Normand et al., 2014). This indi-
cates that a lack of connectivity between soil pores may have induced par-
allel evolution of different responding soil bacteria. In sustainably-managed 
soil mesocosms, no significant changes were observed from the drought 
relative to the controls, which may be because these mesocosms already 
contained a high abundance of these taxa under control conditions. Thus, 
the increased vulnerability of intensively-managed soils to drought is consis-
tent with the lower alpha diversity found in these soils as compared to the 
 sustainably-managed soils. Once the environment changes, more resistant 
taxa are already found in the more diverse soil, so adapting to change requires 
less shifts in community composition. It is important to note, however, that 
cells inactivated by drought with intact DNA may have been detected as pres-
ent by the molecular methods employed. 

Conversely, communities from sustainably-managed soils became more 
similar to those of intensively-managed soils during and after flooding 
(Supplementary Information, S5). This corresponds with the increase observed 
for several members of Burkholderiales (i.e., Burkholderia sp., Bradyrhizobium 
sp., Ramlibacter sp.) in the sustainably-managed soils after the flood treat-
ment. In intensively-managed soils, these taxa were already present in higher 
abundances prior to flooding. A strong effect of flooding was observed for soil 
bacteriomes from both management types, however. This may have resulted 
from the redistribution of resources within the soil matrix, favoring the growth 
of copiotrophs such as Proteobacteria and Bacteroidetes (Fierer et al., 2007; 
Schimel et al., 2007). Alternatively, the shifts may have resulted in the selection 
of flood-resistant taxa. For example, Janthinobacterium sp., which increased in 
relative abundance after flooding of the soils from both management types, 

belongs to a genus that contains efficient genes for osmotic stress tolerance 
(Shoemaker et al., 2015). 

Our findings highlight the importance of the “pre-disturbance” community 
conformation for the modulation of the community responses to perturba-
tion. The more diverse bacteriomes from the sustainably-managed soil plots 
contained a higher proportion of disturbance-tolerant taxa, and thus the sys-
tem had less open niche space during and after the drought, and probably 
witnessed weaker successional dynamics for the colonization of these niches. 
In the less diverse, intensively-managed soils, adapting to drought required 
more drastic changes in the community. These results align with previous 
findings which revealed that community-wide tolerance (the added tolerance 
ranges of all community members) largely determines the outcome of per-
turbation (Awasthi et al., 2014). In this sense, our findings support the  notion 
that biodiversity acts as an insurance against environmental change in the 
soil microbial system (Wittebolle et al., 2009; Yachi and Loreau, 1999). The 
pattern observed for flooding (i.e. that sustainably-managed soils become 
more similar to intensively-managed soils) aligns with the hypothesis that sys-
tems with a higher proportion of rapid-growing taxa are expected to exhib-
it an increased rate of recovery (Franciska T De Vries & Shade, 2014). Climate 
change is expected to increase the frequency and magnitude of both flood 
and drought events, and our results should be considered in conjunction. The 
bacteriomes of sustainably-managed soils are not affected by drought, but 
begin to resemble those of intensively-managed soils after flooding. Further 
research is necessary to determine whether multiple drying-rewetting cycles 
will make the bacterial communities of soils under different management re-
gimes more similar, or whether there are thresholds to community tolerance 
after which community structure assembly becomes stochastic, as was found 
after diluting soil bacterial communities at increasing frequencies (Kim et al., 
2013). It is likely that individual responses to perturbation are modulated by 
soil microbial community composition, as has been previously shown (van 
Elsas et al., 2006b). We found that the response of several lowly abundant taxa 
to flooding was dependent on land management type. Furthermore, recent 
findings have shown that individual bacteria alter their ecological strategies 
after multiple drying-rewetting cycles (Evans and Wallenstein, 2014). This adds 
a further complication to determining the outcome of soil disturbance on the 
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community, as the responses may be dependent on the microbial community 
structure at the time of perturbation.

It is still a matter of debate to what extent soil microbial community 
structure plays a role in the provisioning of ecosystem services (McGuire and 
Treseder, 2010; Nemergut et al., 2014). Recent experimental evidence sug-
gests that altered soil microbial community composition can affect aggregate 
or emergent community traits, such as a community’s propensity to inva-
sion (van Elsas et al., 2012) and resilience, which depends on all community 
members and may be driven by direct or indirect interactions (Fiegna et al., 
2015; Mallon et al., 2015). Our results show that the effect of precipitation ex-
tremes on soil microbial communities depends on land management, where 
intensively-managed grasslands containing less diverse communities were 
more vulnerable to drought. The ability of soils to continue to function under 
long-term fluctuations constitutes a fundamental component of soil quality 
(Seybold et al., 1999). From this perspective, the increased sensitivity, in terms 
of lower resistance, of intensively-managed soils signifies a loss of soil quality. 
Such a loss of quality may affect the ability of soils to cope with future stress. 
A recent theoretical model showed that the sensitivity of soil microbial com-
munities to environmental change is dependent on whether the soils were 
subjected to disturbances of similar magnitudes in the past (Hawkes and Keitt, 
2015). On the other hand, microcosm experiments showed that soils exposed 
to increasing frequencies of re-inoculation (every 7-56 days) into sterile soil 
collapsed at the highest frequency, becoming completely stochastic (Kim et 
al., 2013). The gradual intensification of disturbances expected from climate 
change may thus allow soil microbial communities to adapt. However the in-
creasing frequency of extreme events eventually may lead to a  catastrophic 
shift, in which the community drastically changes to a new conformation 
(Scheffer et al., 2001). The potential of microbial communities for exhibiting 
such shifts is poorly understood, and requires further study. 
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Succession, the sequence of population replacements through which ecosys-
tems form and develop over time, is a central tenet of ecology (Odum, 1989). 
From its early origins, successional theory was developed from the study of 
vegetation (Clements, 1916; Gleason, 1926) to explain the series of  changes 
which plant communities undergo during the colonization of previously  lifeless 
environments (primary succession) or during the recolonization of  disturbed 
environments (secondary succession), and how these biotic  changes, in turn, 
alter the environment. Microbes contain the majority of Earth’s diversity (Pace, 
1997), and their responses to disturbance have been studied for over a century 
and remained an active area of research (see Shade et al., 2012), starting with 
the seminal work of Beijerinck (Beijerinck, 1901). However, the framework for 
microbial disturbance responses has remained separate from macro- ecological 
successional theory, focusing the applied measure of community-wide pa-
rameters (Griffiths and Philippot, 2013), including function and α-diversity. 
Thus, whether the phenomena which drive succession in macro-ecology (i.e., 
competition vs. colonization of empty niches, Pacala and Rees, 1998) apply to 
 microbial communities, particularly in soils, has not been explored. 

Soils are among the most diverse and heterogeneous ecosystems on Earth. 
In addition to containing a massive reservoir of biodiversity (Gans et al., 2005; 
Le Roux et al., 2011; Torsvik and Øvreås, 2002), soil biota is responsible for the 
provision of a wide range of ecosystem services, from sustaining agricultural 
production and regulating terrestrial nutrient cycles to bioremediation (Smith 
et al., 2015a). The extreme heterogeneity and variability of the soil matrix over 
small scales make it a notoriously hard system to study. Microbial growth is 
primarily driven by nutrient—particularly carbon and nitrogen—availability 
(van Elsas et al., 2006b), but nutrients are not distributed evenly within the soil 
matrix. Pore space determines the water holding capacity, gas exchange rate, 
and the habitable space in soils (Young and Ritz 2000). This controls the size of 
the organisms which inhabit the soils, from prokaryotes to fungi, protozoa and 
nematodes, as well as their metabolic rates. Within these spaces, microhabi-
tats form, each characterized by a nutrient content and resulting microflora 
specialized in exploiting those resources. Communication between these mi-
crohabitats, in the form of metabolites or whole organisms, is also modulated 
by porosity. Furthermore, the soil matrix may buffer its biota against environ-
mental change (i.e., temperature, toxicants, drought, which may not permeate 
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all pores equally). Over larger scales, the microvariability in soils averages out, 
and general patterns in community structure and metabolic function can be 
detected (Nunan et al. 2006)—an assumption which is implicitly adopted in 
the application of culture-independent assessments of soil microbial commu-
nities, and throughout this thesis. 

With the initial aim of providing an in-depth exploration of ecological resil-
ience in microbial communities, this thesis is unique in adopting a succession-
al framework from macroecology and applying it to the soil microbial system. 
The concepts used throughout this thesis and in this discussion are defined in 
Table 1. Despite the wealth of research into microbial disturbance responses 
(Griffiths et al., 2004, 2007; Müller et al., 2002; Tobor-Kaplon et al., 2005, 2006; 
Wittebolle et al., 2009), the low temporal resolution and technical constraints 
on the measurement of soil microbial community structure in these studies 
have largely precluded the understanding of short-term community dynam-
ics in the aftermath of disturbance. Here, I explicitly evaluated successional 
change within temporal scales which match bacterial life histories. In order to 
discuss the findings of this thesis, first I adopt a conceptual framework of eco-
logical succession derived from macro-ecology and apply it to microecology, 

to divide the factors influencing succession into a) site and OTU availability, 
b) OTU performance, and c) site conditions and history (Meiners et al., 2015; 
Pickett et al., 1987). I used this plant-ecology-derived framework with the ex-
plicit understanding that it deviates from the more commonly used nutrient 
(resource) based approaches, which are akin to ecological niche theory. I then 
present a framework of microsuccession, which integrates our findings into 
contemporary research on microbial communities. Finally, I discuss the impli-
cations of this thesis for soil management. 

EXPERIMENTAL PROCEDURE: DISTURBANCE AS A STRUCTURING 
FORCE IN SOIL MICROBIAL COMMUNITIES

The primary aim of this thesis was to evaluate the resilience of the soil microbi-
al community to disturbance. To this end, I performed a range of disturbance 
microcosm and mesocosm experiments. The experimental approaches select-
ed throughout this thesis were unique in two crucial aspects. Firstly, diversity 
was manipulated only through prior perturbation, which we term disturbance 
legacy. Importantly, in Chapters 3-6, I selected disturbances that preserve 
the spatio-physical structure of soils. Disturbance microcosm experiments are 
a popular way of testing diversity-function hypotheses by manipulating diver-
sity through either assembly or removal of microbiota (Le Roux et al., 2011). 
Because both approaches generally require inoculating sterile soils with the 
manipulated communities, the spatial aspects of the microbiota and the inter-
actions among them are greatly altered a priori, obscuring how the experimen-
tal disturbances themselves affect these relationships. Microbial interactions, 
regardless of them being competitive or synergistic, contribute to community 
function and community assembly (Datta et al., 2016; Fiegna et al., 2015). By 
manipulating community composition only through disturbance (without 
changing the spatio-physical structure of the soil), the experiments presented 
in this thesis included the possibility of extant microbial interactions being 
broken and re-established during recovery. This also allowed me to explore 
the effect of disturbance legacy on microbial community responses to further 
disturbance. Secondly, two main types of disturbance are assessed in this 
thesis: the first type focuses on the effect of extreme short-lived disturbances, 

Table 1. Definitions of key ecological concepts

Term Definition Reference

Disturbance 

an event that alters the (soil) environment and has possible repercus-
sions for the local (microbial) community, or an event that directly 
alters that community 

(Rykiel, 1985)

Resistance
the degree to which the community is altered immediately after 
disturbance; 

(Hodgson, McDonald, & 
Hosken, 2015)

Ecological resilience
The process of recovery following disturbance, described by resis-
tance and recovery

(Hodgson et al., 2015)

Engineering resilience
The rate at which a system returns to a steady state following distur-
bance

(Holling, 1973)

Microbial interactions

The dependence of one population’s growth or survival on the 
abundance of the other population. They be negative or positive (i.e., 
competition or cooperation), as well as direct or indirect (i.e., antibi-
otic warfare or competition for resources).

(Widder et al., 2016)

Disturbance legacy
Biotic and abiotic conditions created by prior environments that 
persist when the environment changes

(Hawkes and Keitt, 2015)

Succession 
Succession, the sequence of species replacements through which 
ecosystems form and develop over time 

(Odum, 1989)
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which are rare in nature (i.e., heat and cold shocks). Hence, I reasoned that 
the possibility of pre-adaptation of the community to these disturbances was 
limited. The second type examines the applicability of our findings to more 
realistic combinations of disturbances (i.e., due to land management and pre-
cipitation regimes). It is important to note that the influence of immigration 
from outside of the microcosms and mesocosms was not considered, as our 
systems were (partially) shielded from the exterior as well as from each other. 
In this way, this thesis seeks first to develop a general framework for microbial 
community recovery, and then to evaluate the applicability of the findings to 
realistic scenarios that are of interest for soil management practices. 

SITE AND OTU AVAILABILITY 

Site availability refers to the amount of niche space available in an ecosystem 
following disturbance, and in the case of secondary succession is related to 
disturbance intensity or severity intensity (Pickett et al., 1987). In microbial 
systems, disturbance intensity determines bacterial mortality, which in turn 
results in the release of nutrients (and niches) into the system. Site availabil-
ity is inextricably connected to OTU availability, which relates to the abili-
ty of OTUs to survive disturbance: the more severe a disturbance, the less 
likely organisms are to survive it, resulting in more open niche space in the 
aftermath of the disturbance. To our knowledge, we are the first to test this 
hypothesis for whole soil bacterial communities (Chapter 3), by exposing 
soil microcosms to increasing intensities of heat and assessing the bacterial 
communities within two hours after the disturbance. We used the gradient 
of increasing disturbance intensity to determine the heat tolerance ranges of 
community members, and clustered them into functional response groups 
(FRGs). This proved to be a useful approach for characterizing the complex soil 
microbial community, as recently suggested (Martiny et al., 2015). Our results 
showed that a gradual shift in the community compositions took place with 
increasing disturbance intensity, from an Actinobacteria-dominated commu-
nity to a predominance of Proteobacteria at intermediate disturbance inten-
sities. Endospore-forming Firmicutes were dominant at the higher intensities, 
but the resultant communities exhibited a high degree of variability at this 

point. Strikingly, only half of the replicates containing enough ribosomal RNA 
(rRNA) for the assessment of community composition. At the highest heat in-
tensity, no rRNA was extracted from soils, suggesting that the community had 
collapsed, or that, alternatively, the rRNA had become damaged or irreversibly 
bound to soil particles or otherwise escaped detection. Thus, with this cau-
tionary note in mind, microbial communities, despite their extreme diversities, 
may be prone to collapsing under extreme pressure, similarly to macroecolog-
ical communities.

From a functional perspective, we observed the loss of nitrifying organ-
isms at the lowest disturbance intensity, while nitrogen-fixing organisms were 
present throughout, up to the highest intensities. Although we did not mea-
sure community functioning in this experiment, these observations suggest—
as previous literature has (Schimel, 1995)—that the effect of disturbance is 
highly dependent on the parameters of interest. For example, Griffiths and 
colleagues found that serial dilutions of a soil microbial community did not 
affect basal respiration or litter decomposition rates (Griffiths et al., 2001b). In 
the same experiment, the rate of nitrification was progressively retarded with 
each dilution (Griffiths et al., 2001b). 

Within the disturbance-recovery framework usually applied to microbial 
systems (reviewed in Chapter 2 and in Griffiths and Philippot, 2012) the rela-
tionship between available niche space and community-wide tolerance range 
is the primary determinant of microbial community resistance. The higher the 
disturbance, the lower the number of organisms that can withstand it, result-
ing in a lower resistance. Indeed, the results outlined in Chapter 3 show that 
increasing intensities of heat stress result in a gradual decrease in the rich-
ness and evenness of the bacterial community, and in communities that are 
increasingly dissimilar from the (unheated) controls, and thus less resistant to 
the disturbance. How the resulting community compositions influence the 
community’s recovery trajectory is discussed in the following section.

OTU PERFORMANCE

OTU performance includes all mechanisms by which OTUs sort themselves 
and assemble into communities. While patterns of community assembly 
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have been extensively explored in macro-ecology (Vellend, 2010), they had 
not been applied to microbial communities until recently (Dini-Andreote et 
al., 2015; Stegen et al., 2013). However, one factor which is often overlooked 
when studying microbial succession is whether the temporal scale selected is 
appropriate for the detection of successional dynamics in microbial systems, 
given their short life histories. Thus, in Chapter 4, we explicitly considered mi-
crobial community dynamics within time scales which reflect this presumed 
avid response to environmental cues such as provoked by disturbances. We 
thus sampled the communities repeatedly over a relatively short time span, 
starting from 1 day after disturbance, and monitoring them repeatedly for 
49 days. We selected an intermediate heat shock disturbance intensity from 
the gradient explored in Chapter 3, so as to result in post-disturbance com-
munities which contained sufficient OTU and site availability to observe the 
(hypothesized) successional patterns. The results yielded an intricate but 
clear picture of microbial secondary succession. First, we observed three dis-
tinct temporal phases, dominated by three different bacterial functional ef-
fect groups (FEGs), which were defined by their temporal response patterns. 
A close analysis of the FEGs suggested a shift in the relative importance of 
traits, from those which confer survival ability (phase I) to those which allow 
for rapid growth on labile substrates (phase II), and finally to those which allow 
for growth in more complex substrates (phase III). Secondly, the disturbance 
resulted in deterministic turnover for up to 10 days after the disturbance. This 
was revealing, and in accordance with very recent findings (Moroenyane et 
al., 2016; Zhang et al., 2016). This deterministic pattern suggests that during 
succession, similar specific groups of organisms are favored at different stages, 
according to their traits. Our results also align with a recent study of microbial 
primary succession on model marine particles (Datta et al., 2016). By moni-
toring microbial community composition and potential function over the first 
140 hours of succession, the authors identified three successional stages. They 
observed saturation in the number of bacteria per particle within the first 40 
hours, after which the community composition shifted in two distinct phases. 
The first phase was dominated by taxa which were able to degrade the re-
sources offered by the marine particles, whereas the second was dominated 
by taxa which could utilize the byproducts of this degradation, thus depend-
ing on the predecessors, which is a form of microbial interaction (Datta et al., 

2016). We observed a successional change 29 days after the disturbance and 
speculate that this may also relate to a shift in the utilization of major com-
pounds, e.g. from easily degradable to more recalcitrant ones. It is likely that, 
due to the limited connectivity in soils and the lower availability of nutrients 
(van Elsas et al., 2006b), the successional dynamics in this environment is 
slower than in water. 

In Chapter 6, we monitored the abundance of two functionally dependent 
groups of Prokarya (Bacteria and Archaea) involved in nitrification in order to 
further explore how individual tolerance ranges and microbial interactions 
affect microbial recovery dynamics. Nitrification is a two-step process: the 
conversion of ammonia to nitrite is performed by phylogenetically-conserved 
groups of ammonia-oxidizing Bacteria and Archaea (AOB and AOA), whereas 
the conversion of nitrite to nitrate is mainly performed by two  phylogenetically- 
conserved groups of nitrite-oxidizing bacteria (NOB): Nitrobacter-like and 
Nitrospira-like nitrite oxidizers. The functional dependency of NOB on AOs al-
lowed us to assume the existence of a positive interaction. Furthermore, the 
different tolerances to heat and cold of each nitrifying guild allowed us to as-
sess whether the disturbance of AOs affected NOB. Our results showed that 
each functional group exhibits distinct responses to the different  disturbances 
and their combinations. For example, AOB were completely resistant to the 
cold shock but not to the heat shock, and even failed to recover from a  second 
heat shock. On the other hand, AOA were sensitive to both disturbances, but 
did show recovery regardless of legacy. The collective data support the differ-
ent ecological roles of AOA and AOB in soil, as related to perturbances. Despite 
the differences in the ecologies of each group, we were unable to detect any 
functional decoupling between AOs and NOB, likely due to the low temporal 
resolution in sampling. 

Taken together, Chapters 3,4 and 6 show that individual OTU performance 
as well as interactions are key determinants of microbial community struc-
ture for at least a month following disturbance. This is a crucial finding in the 
realm of microbial community disturbance-stability theories, as the influence 
of biotic factors in shaping microbial communities has been historically over-
looked (Nemergut et al., 2013). Our findings also add nuance to the overly 
simplistic framework for microbial community resilience, which assumes 
that microbial community recovery, like an elastic, tends directly towards its 
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pre-disturbance equilibrium. Instead, the successional phases observed after 
disturbance indicate that, at different points during recovery, the  community 
structure may be quite dissimilar from the pre-disturbance one, being its 
trajectory towards equilibrium path-dependent (dependent on the previous 
step). Furthermore, our results suggest that the vulnerability of the microbial 
community to further disturbance may depend on the successional stage it is 
at during the following perturbation. This is discussed in the following section.

 
SITE CONDITIONS AND HISTORY  

At the broadest level, site conditions and history reflect a site’s present and 
past disturbance regimes and resource availability (Cadotte et al., 2006). For 
soil microbes, we define site conditions and history as the soil’s legacy, or 
the biotic and abiotic conditions created by prior local influences, which 
persist when the environment changes (Hawkes and Keitt, 2015). In the con-
text of this thesis, the influence of site conditions and history on succession 
were evaluated by subjecting soils to a prior stressor (as opposed to a con-
trol), either a heat shock in Chapters 5-6, or intensive land management in 
Chapter 7, and then monitoring the successional patterns arising from a sec-
ond disturbance. Several experiments have shown that the soil microbiota 
pre-exposed to disturbance is better adapted to disturbance if re-exposed 
to the same disturbance (Bérard et al., 2012; Bouskill et al., 2013; Bressan et 
al., 2008), whereas others have shown that soils pre-exposed to a disturbance 
become more vulnerable to other types of perturbation (Kuan et al., 2006; 
Müller et al., 2002; Tobor-Kaplon et al., 2005, 2006). The aim of Chapter 5 was 
to simultaneously test both tenets in the same soil, in order to identify the 
mechanisms at play in modulating the successional patterns in the bacteri-
al communities. Thus, I pre-exposed half of the soil microcosms to a strong 
heat shock, and 25 days later either re-exposed them to this heat shock or 
subjected them to a cold shock. The heat shock had a much stronger effect 
than the cold shock on communities without a disturbance legacy. When the 
communities had been pre-exposed to a heat-shock, however, the ensuing 
cold shock resulted in the most drastic alterations of community structure 
and the slowest recovery. This was associated with a disproportionately lower 

evenness relative to all other treatments, which was in agreement with the 
finding that evenness favors functional stability, albeit tested in communities 
of denitrifying bacteria (Wittebolle et al., 2009). The observed pattern is likely 
explained by the tolerance ranges of community members. Most of the taxa 
which became dominant following a cold shock turned out to be sensitive 
to the heat shock. Thus the initial heat shock removed a substantial portion 
of the cold-tolerant community. The notion that diversity increases the resil-
ience of microbial communities is not novel (Girvan et al., 2005; Griffiths et al., 
2001b; Yachi and Loreau, 1999), however we are the first to place it within the 
trait-based framework of FRGs. While we did not test the effect of the order of 
disturbance, our results suggest that order might be important in determin-
ing the outcome. Soils with a heat shock legacy re-exposed to a heat shock 
showed similar successional patterns to those exposed to the heat shock for 
the first time. We detected the phases I and II of succession as in Chapter 4, 
but the onset of phase II was faster for soils with a disturbance legacy. We at-
tributed this faster dynamics to the higher percentage of copiotrophic organ-
isms already present in the soils still recovering from the previous heat shock, 
or decreased competition due to the lowered diversity in these soils. Similarly, 
we observed an accelerated response of the AOA in soil during the second ex-
posure to heat shock (heat-heat) in Chapter 6. While we did not test whether 
the observed responses were dependent on the time since the previous dis-
turbance, we suspect that time dependency plays a role. If the soils had been 
re-disturbed during the first successional phase, we expect that they would 
have been less affected, as most taxa present during this time were tolerant to 
the first heat shock. 

Chapters 3-6 tested the effects of multiple extreme, short-term disturbanc-
es on the community’s recovery or successional trajectory. In Chapter 7, we 
assessed the applicability of our findings to real-world disturbances, to which 
soils have often been pre-exposed. I thus performed a mesocosm experiment 
using soil from sustainably and intensively managed agricultural plots. I took 
intensive management as a ‘long-term disturbance’. I then exposed the inten-
sively—versus sustainably—managed soils to extreme, month-long drought 
and flood scenarios. While soils from both management types exhibited 
changes in bacterial community composition in response to the flood treat-
ment, only the intensively managed soils exhibited shifts in response to the 
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drought treatment. This may have been due to the thicker overlying vegeta-
tion in the sustainably managed mesocosms, which buffered against changes 
in precipitation, but may have also resulted from the higher diversities in the 
microbial communities in the sustainably managed soil. These may have al-
ready contained the populations which were favored in intensively managed 
soils under drought. This latter explanation is consistent with our findings in 
Chapter 5. Notably, we observed the opposite pattern with soils exposed to 
flood: the sustainably managed soils exhibited increases in presumed copi-
otrophs, making them more similar to communities in intensively managed 
soil. The conclusions derived from Chapter 5 are applicable under more vari-
able and less extreme conditions, i.e. a) richness favors bacterial community 
resistance to disturbance, and b) the response of the soil bacterial community 
is strongly constrained by its disturbance legacy, which determined the toler-
ance ranges of its members. 

MICROSUCCESSION: AN UPDATED FRAMEWORK FOR BACTERIAL 
COMMUNITY SUCCESSION 

A major aim of this thesis was to examine the validity of the extant microbial 
resilience framework by exploring soil microbial community recovery within 
the context of secondary succession. The recovery of microbial communities 
from disturbance has been extensively studied from an applied perspective, 
with a focus on the recovery of function (see Griffiths and Philippot, 2012 and 
Shade et al., 2012 for comprehensive reviews). However, microbial communi-
ties were notably absent from successional studies until 2010, when Fierer and 
colleagues called for integration of microbes into studies (Fierer et al., 2010) in 
which the authors focused on primary succession. This thesis dealt exclusive-
ly with secondary succession in soils. In particular, we focused on microbial 
community dynamics within the first month following disturbance, with the 
aim of resolving the biotic, or autogenic factors driving succession. Below, we 
present an updated framework for secondary succession in microbial systems 
following short-term disturbance (Figure 1). 

Within the first month following disturbance, three distinct successional 
phases are observed. Notwithstanding technical limitations, we posit that, 

during the first ~24 h after disturbance, we observe a resistance phase, in 
which community composition is determined by the tolerance ranges of 
community members, and the community is dominated by the surviving 

Figure 1. Conceptual framework for microsuccession in soils. Disturbance negatively a por-
tion of the microbial community, culling the community’s tolerance range. Three successional 
phases ensue: in Phase I, the community is dominated by survivors, who are disturbance-re-
sistant and the environment becomes nutrient-rich from the lysis of sensitive cells. In Phase 
II, copiotrophs able to grow rapidly on the available nutrients dominate the community. The 
exhaustion of these nutrients is believed to trigger the onset of Phase III, dominated by oligo-
trophs which are able to utilize the more complex substrates still available. The sensitivity of the 
community to other disturbances during this succession also changes over time (right). 
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disturbance-tolerant or disturbance-resistant organisms. The second phase, 
which we term the copiotrophic growth phase, occurs in the days following dis-
turbance, and as the name suggests, is dominated by copiotrophic organisms. 
While we did not measure resource availability in the soil matrix, the com-
munity dynamics observed in Chapters 4 and 5 as well as in other studies 
(Placella et al., 2012; Song et al., 2015) suggests that the onset of this phase is 
dependent on the growth rate of copiotrophs, and their access to labile nutri-
ents, and that this phase ends once such labile nutrients have been consumed. 
It is also during this phase that the community once again reaches carrying 
capacity. An important point to note is that we observed the displacement 
of otherwise tolerant taxa in this phase. The recovery of functionally- relevant 
microbial guilds (specifically the nitrifiers examined in Chapter 6) may have 
also been delayed by the rapid growth of microbes in the copiotrophic 
growth phase, however further studies are warranted in this area. The third 
phase in the microsuccession is the oligotrophic growth phase, several (~10) 
days after disturbance, in which slow-growing specialist taxa that are presum-
ably able to degrade more complex compounds increase in abundance in to 
the system. In this phase, the community’s alpha diversity may return to its 
pre-disturbance levels, and community composition may begin to gradually 
resemble the pre-disturbance community. Disturbance legacy modulates the 
response of microbial communities to further disturbance by reducing diver-
sity and consequently the number of organisms left behind which are tolerant 
to further perturbation. This is dependent on time since the prior disturbance, 
however. 

The extent to which this framework for microsuccession, derived from the 
study of secondary succession in soil microbial communities, applies to other 
microbial communities is a standing question. The deterministic successional 
stages observed in soil throughout this thesis have also been observed for cul-
turable soil microbial communities (Song et al., 2015), suggesting, for this sub-
set of the soil microbiome, that microsuccession is not dependent on the soil 
matrix. Furthermore, successional stages in microbial community development 
have been observed within similar temporal scales in human gut communities 
recovering from antibiotics (Dethlefsen and Relman, 2011), suggesting that 
the microsuccessional framework may be applicable to other categories out-
lined in Fierer et al., 2010; in this case endogenous heterotrophic succession. 

Why might we observe similar patterns in vastly different environments like 
the human gut, marine particles and soils? The study of primary  succession in 
marine particles explored the metagenomes and physiologies of the bacterial 
communities which assembled on sterile marine particles, and found that in-
teractions driven by resource use were a key factor in promoting community 
assembly (Datta et al., 2016). Indeed, the efficiency of nutrient use, coupled to 
biotic interactions, which are obscured by the remarkable diversity of  microbial 
systems, are likely to play a crucial role in microbial community assembly in 
a wide range of environments, as they do for macroecological systems (Drury 
and Nisbet, 1973). Clearly, further research is necessary to understand the na-
ture of these interactions. 

LESSONS FOR SOIL MANAGEMENT: THE RESILIENCE BUDGET

In Chapter 1, we reviewed the decades of research into the relationship be-
tween biodiversity and ecosystem functioning in microbial communities. 
In this review, we noted a key difference between the higher resilience of 
common, or redundant, functions relative to the (lower) resilience of narrow 
functions, possessed by only few individual populations in the community. 
A factor missing from the literature was identified, i.e. the effect that distur-
bance legacy has on the observed resilience patterns. The work presented in 
Chapters 5-7 constitutes an in-depth exploration of the effect of disturbance 
legacy on microbial resilience, both in laboratory settings and in field simu-
lations. Most strikingly, our results show a strong legacy effect on microbial 
community resilience for all cases studied. In Chapter 5, we show that the 
legacy effect is dependent on whether the identity of the disturbance legacy 
matches the future perturbation (pre-exposure), or not (mixed compounded 
perturbation). In the case of the latter, we observed a multiplicative effect of 
the second disturbance, which, despite being weak in the absence of a distur-
bance legacy, resulted in a fundamental and permanent change in the micro-
bial community structure. This was also observed at a more specific level, with 
the (partial) collapse of Nitrospira-like NOB populations and potential nitrifica-
tion activity, as explored in Chapter 6. These findings suggest that resilience 
could be lost by prior perturbations, at least for traits with narrow redundancy. 
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In Chapter 7, we explored whether our findings apply to real-world distur-
bances. Consequently, we evaluated whether intensive soil management 
(involving grazing and the alteration of the native vegetation) affects the soil 
microbial community’s resilience to extreme precipitation events, which are 
expected to become more intense and more common as a consequence of 
climate change (Donat et al., 2016). The results from this study lend further 
support to our previous findings: soils from sustainably managed plots con-
tain more diverse microbial communities, and, consequently, are resistant to 
drought, but not flood. In contrast, the microbial communities in soils from in-
tensively managed plots are vulnerable to both flood and drought treatments. 

Taken together, these findings suggest that microbial resilience is not 
a static parameter, but rather is strongly affected by disturbance legacy. This 
legacy modulates the response to further disturbances. The systematic eval-
uation of disturbance legacy effects on soil microbial communities is novel. 
In the light of the extreme diversity and variability across soil microbiomes, 
I posit here that much more research is needed in this area. In support of the 
further development of soil management strategies, we recommend that 
soil resilience—in terms of both composition and function—is considered as 
an exhaustible resource. The development of soil conservation policies is still 
in its infancy (Smith et al., 2016). However, as this develops, it is crucial that 
soil legacy and the temporal recovery patterns of soil biota be explicitly in-
corporated into management practices (i.e., soils which have been previously 
stressed by a flood should be allotted a period of recovery before extensive 
ploughing). 
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SUPPLEMENTARY INFORMATION CHAPTER 3

S1. Technical details of the pH, temperature and water loss measurement (A), the DNAse treat-
ment (B), the Reverse transcription (C) and the 16S rRNA amplicon libraries construction (D) pro-
tocols. 

(A) pH was measured in deionized water using a ratio of 1:2 soil:water (w/v), after shaking 
for 15 min and settling for 30 min (Hanna Instruments BV, IJsselstein, The Netherlands). 
 Sample temperature was measured after exposure to each of the microwaving doses us-
ing a mercury thermometer.

 Water content was measured by comparison of fresh and dried weight (105 °C; 24 h) of samples.
(B) 200 ng of total RNA were treated using 2 µL of 10X Dnase I buffer and 1 µL of DNase I (Ambi-

on® RNA by Life Technologies™, Nærum, Denmark). Incubation was performed for 1 h at 37 °C 
with mixing at each 10 min. 5 µL of DNase inactivation reagent were then added followed by 
incubation at room temperature for 5 min with frequent mixing. Supernatant was recovered 
after centrifugation at 10000 × g for 1 min.

(C) cDNA was obtained using the Roche reverse transcription kit (Roche, Hvidovre, Denmark) with 
Random Hexameres (100 µM; TAG Copenhagen, Copenhagen, Denmark). Reaction mixes were 
prepared of 4 µL of 5x Strand buffer, 2 µL of DTT (0.1 M), 1 µL of dNTP (10 mM), 1 µL of Random 
Hexameres, 2 µL of template DNase treated RNA and water to a total volume of 20 µL. Mixes 
were incubated in a Peltier Thermal Cycler (DNA Engine DYAD™, USA) in a one cycle protocol as 
follows: 2 min at 42 °C followed by the addition of 1 µL of reverse transcriptase (50 U/µL; Roche, 
Hvidovre, Denmark), 40 min at 42 °C, 30 min at 50 °C and 15 min at 72 °C to stop the reaction.

(D) The PCR mixes constituted of 2.0 µL of 10X AccuPrime™ PCR Buffer I containing 15 mM 
of MgCl2 (Life Technologies, Nærum, Denmark), 0.12 µL AccuPrime™ Taq DNA Polymerase 
(2 units/µl, Life Technologies, Nærum, Denmark), 1 µL of each primer (10 µM), 1 µL of a 1:10 
dilution of cDNA as template and water to a total volume of 20 µL. The first PCR reactions 
were performed in a Peltier Thermal Cycler (DNA Engine DYAD™, USA) according to the fol-
lowing conditions: an initial activation of the hotstart polymerase at 94 °C for 2 min, fol-
lowed by 35 cycles of denaturation at 94 °C for 20 sec, annealing at 56 °C for 20 sec and 
extension at 68 °C for 30 sec, with a final extension at 68 °C for 5 min. Concentration of am-
plified PCR products was measured by Pico Green (Life Technologies, Nærum, Denmark) us-
ing a LightCycler 96 (Roche, Hvidovre, Denmark). Addition of adapters and indexes to DNA 
fragments was done in a second PCR where mixes were composed of: 2.0 µL of 10X Accu-
Prime™ PCR Buffer II containing 15 mM of MgCl2 (Invitrogen, Tåstrup, Denmark), 0.12 µL of 
AccuPrime™ Taq DNA Polymerase (2 units/µl, Life Technologies, Nærum, Denmark), 1.0 µL 
of each fusion primers (MS_515f_F IndexNo and MS_806r_R IndexNo; 10 µM), 2 µL of PCR 
product obtained in the previous PCR and water to a total of 20 µL. A Peltier Thermal  Cycler 
(DNA Engine DYAD™, USA) was used to perform the second PCR in the following way: ini-
tial activation of the hotstart polymerase at 94 °C for 2 min, followed by 15 cycles of dena-
turation at 94 °C for 20 sec, annealing at 56°C for 20s and extension at 68 °C for 30 sec, with 
final extension at 68 °C for 5 min. The amplified PCR products were incubated at 70 °C for 
3 min and then placed on ice. The obtained fragments were approximately 400 bp long in-
cluding tag primers. Purification of PCR products was obtained using the AmPure XP Bead 
Purification Kit (Beckman Coulter, Copenhagen, Denmark) accordingly to the manufactur-
er´s instructions and applying 15 µL of Agencourt AMPure XP per reaction (0.75X of the to-
tal volume). The concentration of the purified second PCR products was measured by Pico 
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Green (Life Technologies, Nærum, Denmark) in a LightCycler 96 (Roche, Hvidovre, Den-
mark) and equal amounts of DNA were pooled in a 1.5-mL tube. The pooled sample was 
concentrated using DNA clean and concentrator-5 kit (Zymo Research, Irvine, California, 
USA). Sequencing of the 16S rRNA gene amplicons was done using MiSeq reagent kit v2 
(500 cycles) and a MiSeq sequencer (Illumina Inc., San Diego, California, USA).

S2. Sample origin, nomenclature and total number of assembled reads. The last number in the sam-
ple name represents the replicate number. Samples lost during nucleic acids’ extraction are listed. 

Disturbance Dose (min) Samples
Assembled 
counts

Cause of loss or exclusion of samples

Control 

0 Control.1 6034

Control.2 3106

Control.3 24691

Control.4 16112

Microwaved 

15 sec M15s.1 11322

M15s.2 14195

M15s.3 7686

M15s.4 47633

30 sec M30s.1 34886

M30s.2 31992

M30s.3 21850

M30s.4 39196

1 min M1min.1 30072

M1min.2 11855

M1min.3 3873

M1min.4 31661

2 min M2min.1 2888

M2min.2 17976

M2min.3 4857

M2min.4 13603

5 min M5min.1 ----- RNA extraction

M5min.2 20060

M5min.3 ----- RNA extraction

M5min.4 12323

10 min M10min.1 ----- RNA extraction

M10min.2 ----- RNA extraction

M10min.3 ----- RNA extraction

M10min.4 ----- RNA extraction

S3. Spearman correlations of the community wide numbers of 16S rRNA gene fragments and 
transcripts representing the total (A) and the potentially active (B) bacterial community with 
temperature, pH and water loss. Scatterplots for each paired comparison are presented in the 
lower triangle of the matrix while the correspondent Spearman rank correlation coefficients 
are presented in the upper triangle. Stars represent the significance of the correlation: (*) 
0.05 ≤ p-values < 0.01; (**) 0.01 ≤ p-values < 0.001; (***) p-values ≤ 0.001.
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S4. Individual sample rarefaction curves after subsampling to 2500 reads at genus level.

S5. Mean pairwise distance (MPD) and mean nearest taxon distance of each of the identified 
FRGs and random groups of OTUs of the same size. Significance was attested using 1000 per-
mutations. Stars represent the significance of the differences between the observed and the 
random distance accordingly to the code: (*) 0.05 ≤ p-values < 0.01; (**) 0.01 ≤ p-values < 0.001; 
(***) p-values ≤ 0.001.

S6. Conceptual representation of typical inactivation curves. Red dots represent the dose nec-
essary to kill 90% of the population (D10 – calculated from the linear regression (grey lines) of the 
exponential phase of each curve using the formula ).

SUPPLEMENTARY INFORMATION CHAPTER 4

S1. Effect of increasing exposure to microwave radiation on the soil microcosms. No RNA was 
extractable at the highest exposures. The 16S rRNA transcript counts from one control sample 
(bold, underlined) was excluded from calculations. 

Duration
log gene copies of rRNA 
transcript p/gram dry soil

Temperature pH
Water Loss
(g/g dry soil)

Control 9.9 22 4.99 0.00

Control 10.7 21 4.97 0.00

Control 10.3 21 4.98 0.00

Control 9.57 21 4.96 0.00

15 Seconds 10.5 27.5 4.95 0.01

15 Seconds 10.5 30 5 0.01

15 Seconds 9.72 27 4.98 0.01

15 Seconds 10.8 26 4.97 0.04

30 Seconds 10.2 39 4.99 0.02

30 Seconds 10.3 42 5 0.01

30 Seconds 10.2 34 4.5 0.01

30 Seconds 10.2 30 5.01 0.01

1 minute 10.2 55.5 4.97 0.02

1 minute 10.1 52 4.98 0.02

1 minute 10.1 54 5.01 0.01

1 minute 10.1 48 4.99 0.02

2 minutes 9.84 72 4.95 0.02

2 minutes 9.92 71 5 0.03

2 minutes 9.86 55 4.96 0.03

2 minutes 10.1 66 4.93 0.03

5 minutes 9.28 72 4.95 0.12

5 minutes 9.3 70 4.96 0.15

5 minutes -- 65 5.02 0.13

5 minutes -- 55 4.88 0.15

10 minutes -- 82 5.02 0.23

10 minutes -- 87 5.03 0.23

10 minutes -- 86 5.03 0.23

10 minutes -- 85.5 5.02 0.24
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S2. Variation of disturbed samples relative to control samples. A PCoA plot of weighted Unifrac 
distances between disturbed and control samples over time. Centroids for each sampling time 
are shown along with their standard errors (error bars). The clustering of control samples indi-
cates temporal stability relative to communities recovering from the disturbance. 

S3. Summary of samples processed and lost. Cells in black indicate the sample was lost during 
RNA extraction. Cells in green indicate samples were removed due to low read numbers. Cells in 
orange indicate samples were removed due to loss of all other replicates. 

Time since distur-
bance

Sample Name Reads per sample Final dataset

0 3-D1 27501 3-D1
0 3-D2 33576 3-D2
0 3-D3 39654 3-D3
0 3-D4 41180 3-D4
0 3-D5 13961 3-D5
0 3-E1 3770 3-E1
0 3-E2 6425 3-E2
0 3-E3 43290 3-E3
0 3-E4 22051 3-E4
0 3-E5 35673 3-E5
0 3-F1 26523 3-F1
0 3-F2 40624 3-F2
0 3-F3 18814 3-F3
0 3-F4 31651 3-F4
0 3-F5 24936 3-F5
1 5-D1 30896 5-D1
1 5-D2 41696 5-D2
1 5-D3 68186 5-D3
1 5-D4 10719 5-D4
1 5-D5 25074 5-D5
1 5-E1 12336 5-E1
1 5-E2 48072 5-E2
1 5-E3 61467 5-E3
1 5-E4 52716 5-E4
1 5-E5    
1 5-F1 46171 5-F1
1 5-F2 59780 5-F2
1 5-F3 57267 5-F3
1 5-F4 35215 5-F4
1 5-F5 65308 5-F5
4 6-D1 58490 6-D1
4 6-D2 45155 6-D2
4 6-D3 41526 6-D3
4 6-D4 61330 6-D4
4 6-D5 73563 6-D5
4 6-E1 49283 6-E1
4 6-E2 46263 6-E2
4 6-E3 102182 6-E3
4 6-E4 26976 6-E4
4 6-E5 63334 6-E5
4 6-F1 36039 6-F1
4 6-F2 31011 6-F2
4 6-F3 69223 6-F3
4 6-F4 62410 6-F4
4 6-F5 50136 6-F5
10 7-D1 47264 7-D1
10 7-D2 25910 7-D2
10 7-D3 80412 7-D3
10 7-D4 130033 7-D4
10 7-D5 101304 7-D5
10 7-E1 76745 7-E1
10 7-E2 57248 7-E2
10 7-E3 98197 7-E3
10 7-E4 46045 7-E4
10 7-E5 74947 7-E5
10 7-F1 19266 7-F1
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10 7-F2 505  
10 7-F3 60557 7-F3
10 7-F4 41510 7-F4
10 7-F5 53606 7-F5
18 8-D1 94806 8-D1
18 8-D2 34460 8-D2
18 8-D3 79785 8-D3
18 8-D4 36053 8-D4
18 8-D5 42980 8-D5
18 8-E1 73801 8-E1
18 8-E2 21005 8-E2
18 8-E3 9969 8-E3
18 8-E4 32370 8-E4
18 8-E5 16998 8-E5
18 8-F1 37006 8-F1
18 8-F2 6050 8-F2
18 8-F3 30151 8-F3
18 8-F4 35814 8-F4
18 8-F5 23073 8-F5
24 9-D1 26987 9-D1
24 9-D2 21973 9-D2
24 9-D3 45505 9-D3
24 9-D4 38587 9-D4
24 9-D5 28818 9-D5
24 9-E1 47831 9-E1
24 9-E2 47148 9-E2
24 9-E3 61143 9-E3
24 9-E4 36998 9-E4
24 9-E5 37163 9-E5
24 9-F1    
24 9-F2 45354 9-F2
24 9-F3    
24 9-F4    
24 9-F5    
25 11-E1 51417 11-E1
25 11-E2 69635 11-E2
25 11-E3 30070 11-E3
25 11-E4 24444 11-E4
25 11-E5 38388 11-E5
29 12-E1 21525 12-E1
29 12-E2 53062 12-E2
29 12-E3 24850 12-E3
29 12-E4 67371 12-E4
29 12-E5 93554 12-E5
35 13-E1 660  
35 13-E2 789  
35 13-E3 6035  
35 13-E4 1479  
35 13-E5 2421  
42 14-E1    
42 14-E2 21651  
42 14-E3    
42 14-E4    
42 14-E5    
49 15-E1 17409 15-E1
49 15-E2 22896 15-E2
49 15-E3 10204 15-E3
49 15-E4    
49 15-E5 11128 15-E5
C49 15-C1 23922 15-C1
C49 15-C2 8198 15-C2
C49 15-C3 5040 15-C3
C49 15-C4 10073 15-C4
C49 15-C5 5542 15-C5

S4.Supplementary Methods 

RNA processing
200 ng of total RNA were treated using 2 µL of 10X Dnase I buffer and 1 µL of DNase I. Incuba-
tion was performed for 1h at 37 °C with mixing at each 10 minutes. 5 µL of DNase inactivation 
reagent were then added and incubation at room temperature for 5 minutes with frequent 
mixing for precipitate re-suspension was made. Supernatant was recovered after centrifugation 
at 10000 × g cDNA was obtained using the Roche reverse transcription kit (Roche, Hvidovre, 
Denmark) with Random Hexameres (100 µM; TAG Copenhagen, Denmark). Reaction mixes 
were constituted by 4 µL of 5× Strand buffer, 2 µL of DTT (0.1 M), 1 µL of dNTP (10 mM), 1 µL of 
Random Hexameres, 2 µL of template DNase treated RNA and water to a total volume of 20 µL. 
Mixes were incubated in a Peltier Thermal Cycler (DNA Engine DYAD™, USA) in a one cycle pro-
tocol as following: 2 minutes at 42 °C followed by the addition of 1 µL of reverse transcriptase 
(50 U/µL; Roche, Hvidovre, Denmark), 40 minutes at 42 °C, 30 minutes at 50 °C and 15 minutes 
at 72 °C to stop the reaction. 

16S rRNA transcript sequencing
The primers 341F (5’CCTACGGGRBGCASCAG-3’) and 806R (5’GGACTACNNGGGTATCTAAT-3’) 
( Sigma-Aldrich, Brøndby, Denmark) flanking the V3 and V4 regions of the 16S rRNA gene were 
used to amplify a gene fragment of 460 bp. The chosen primer set have previously been success-
fully used to target bacteria and archaea but with a higher matching efficiency for bacteria (Yu 
at al., 2005; Berg et al., 2012). The PCR mixes were constituted by 2.0 µL of 10X AccuPrime™ PCR 
Buffer I containing 15 mM of MgCl2 (Life Technologies, Nærum, Denmark), 0.12 µL AccuPrime™ 
Taq DNA Polymerase (2 units/µl, Life Technologies, Nærum, Denmark), 1 µL of each  primer 
(10 µM), 1 µL of a 1:10 dilution of cDNA as template and water to a total volume of 20 µL. The first 
PCR reactions were performed in a Peltier Thermal Cycler (DNA Engine DYAD™, USA) according 
to the following conditions: an initial activation of the hotstart polymerase at 94°C for 2 min, fol-
lowed by 35 cycles of denaturation at 94 °C for 20 sec, annealing at 56°C for 20 sec and extension 
at 68 °C for 30 sec, with a final extension at 68 °C for 5 min. Concentration of amplified PCR prod-
ucts was measured by Pico Green (Life Technologies, Nærum, Denmark) using a LightCycler 96 
(Roche, Hvidovre, Denmark). Addition of adapters and indexes to DNA fragments was done in 
a second PCR where mixes were composed by: 2.0 µL of 10X AccuPrime™ PCR Buffer II contain-
ing 15 mM of MgCl2 (Invitrogen, Tåstrup, Denmark), 0.12 µL of AccuPrime™ Taq DNA Polymerase 
(2 units/µl, Life Technologies, Nærum, Denmark), 1.0 µL of each fusion primers (MS_515f_F In-
dexNo and MS_806r_R IndexNo; 10 µM), 2 µL of PCR product obtained in the previous PCR and 
water to a total of 20 µL. A Peltier Thermal Cycler (DNA Engine DYAD™, USA) was used to perform 
the second PCR reactions in the following way: initial activation of the hotstart polymerase at 
94 °C for 2 min, followed by 15 cycles of denaturation at 94 °C for 20 sec, annealing at 56 °C for 
20 sec and extension at 68 °C for 30 sec, with final extension at 68 °C for 5 min. The amplified 
PCR products were incubated at 70 °C for 3 min and then placed on ice. Obtained fragment has 
approximately 400 bp including tag primers. Purification of PCR products was obtained using 
the AmPure XP Bead Purification Kit (Beckman Coulter, Copenhagen, Denmark) accordingly to 
the manufacturer instructions and applying 15 µL of AgencourtAMPure XP per reaction (0.75X 
of the total volume). The concentration of the purified second PCR products was measured by 
Pico Green (Life Technologies, Nærum, Denmark) in a LightCycler 96 (Roche, Hvidovre, Denmark) 
and equal amounts of DNA were pooled in a 1.5 mL tube. The pooled sample was concentrated 
using DNA clean and concentrator-5 kit (Zymo Research, Irvine, CA, USA).
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Sequence processing
Paired end reads were merged and primer remnants were trimmed using Biopieces (www. 
biopieces.org). For merging, reads were aligned and reads with mismatches filtered out. Reads 
were quality filtered using the UPARSE algorithm (Edgar 2013) with a maximum expected error 
rate of 0.5. OTUs were clustered at 97% and abundances calculated by mapping reads back 
to OTUs using USEARCH(Edgar, 2010). OTUs were chimera-checked with UCHIME against the 
Greengenes 2011 database (DeSantis et al. 2006), in-silico amplified with Biopieces to only con-
tain the V4 region. Sequences were filtered for non-bacterial contaminants by clustering against 
the RDP trainset PDS (mitochondria added) v9 at 60%. Singleton OTUs were removed. Repre-
sentative reads picked by USEARCH were classified using the Wang implementation of Mothur 
(Schloss et al. 2009) against the RDP trainset PDS v9. Classifications were accepted at a threshold 
of 80% confidence for each taxonomic level.

S5. Total (A) and transcriptionally active (B) bacterial community following disturbance. A low-
ess fit of the data is shown in blue, with the standard error as grey shading. 

S6. Phylum-specific response patterns to disturbance normalized by 16S rRNA copy counts. The 
responses of the relative abundance of dominant bacterial phyla, sorted according to the tem-
poral patterns observed. From left to right, dominant phyla /classes exhibited either a conven-
tional recovery, i.e. decrease following the disturbance and gradual recovery; negative secondary 
dynamics, i.e. negatively affected by the disturbance but rapidly recovering by the secondary 
response phase; or survivors, i.e. increase immediately after the disturbance, but gradual de-
crease thereafter.
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S7. Functional response groups. Five most abundant OTUs identify to the family and genus lev-
els within each response group, ranked by abundance (top). These 35 OTUs made up 32.7 ± 7% 
and 53.8 ± 29.1% of the total abundance of the community in pre-disturbance and recovery 
samples, respectively. * Where an OTU could not be identified to at least the family level, the 
deepest classification available is provided. 

Group
Group Richness
(total Phyla, total OTUs)

Phylum Family, genus 

O1 5,30

Proteobacteria Unidentified Gammaproteobacteria*

Proteobacteria Bradyrhizobiaceae, Bradyrhizobium 

Unidentified Unidentified Bacteria *

Proteobacteria Xanthomonadaceae, Dokdonella

Bacteroidetes Unidentified Chitinophagaceae*

O2 6,25

Actinobacteria Micrococcaceae, Arthrobacter

Cyanobacteria Cyanobacteria Family I, Group I

Actinobacteria Unclassfied Solirubrobacterales*

Cyanobacteria Cyanobacteria Family I, Group I

Chloroflexi Ktedonobacteraceae, Ktedonobacter

O3 3,18

Proteobacteria Nitrosomonadaceae, Nitrosospira

Proteobacteria Comamonadaceae, Rhodoferax

Proteobacteria Caulobacteraceae, Phenylobacterium

Proteobacteria Xanthomonadaceae, Lysobacter

Bacteroidetes Unclassfied Chitinophagaceae*

R1 1,27

Firmicutes Unclassified Planococcaceae*

Firmicutes Planococcaceae, Sporosarcina

Firmicutes Clostrdiaceae 1, Clostridium sensu stricto

Firmicutes Clostrdiaceae 1, Clostridium sensu stricto

Firmicutes Unclassified Bacilliales*

R2 3,17

Firmicutes Planococcaceae, Planococcaceae incertae sedis 

Firmicutes Planococcaceae, Paenisporosarcina

Firmicutes Paenibacillaceae 1, Paenibacillus

Proteobacteria Pseudomonadaceae, Pseudomonas

Firmicutes Unclassified Bacilliales*

R3
4,10

Proteobacteria Xanthomonadaceae, Rhodanobacter

Proteobacteria Caulobacteraceae, Phenylobacterium

Proteobacteria Unclassfied Alcaligenaceae*

Actinobacteria Conexibacteraceae, Conexibacter

Proteobacteria Burkholderiaceae, Burkholderia

R4
1,12

Proteobacteria Alphaproteobacteria incertae sedis, Rhizomicrbium

Proteobacteria Hyphomicrobiaceae, Devosia

Proteobacteria Caulobacteraceae, Phenylobacterium

Proteobacteria Xanthomonadaceae, Dyella

Proteobacteria Xanthobacteraceae, Pseudolabrys

S8. Functional response groups. Loess-fitted curves show the average increase or decrease of 
each functional response group relative to the pre-disturbed communities (bottom). Box plots 
represent C49 controls

SUPPLEMENTARY INFORMATION CHAPTER 5

S1. Schematic description of the experimental setup. Lightning symbols denote a heat shock 
(red) or a cold shock (blue) disturbance. Six treatments were developed by applying combi-
nations of heat shocks, cold shocks, or control conditions, and allowing 25 days of recovery 
between disturbances. 
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S2. Effect of increasing exposure to microwave radiation on the soil microcosms. No RNA was 
extractable at the highest exposures. The 16S rRNA transcript counts from one control sample 
(bold, underlined) was excluded from calculations. 

Duration
log gene copies of 
rRNA transcript p/
gram dry soil

Temperature pH
Water Loss
(g/g dry soil)

Control 9.9 22 4.99 0.00

Control 10.7 21 4.97 0.00

Control 10.3 21 4.98 0.00

Control 9.57 21 4.96 0.00

15 Seconds 10.5 27.5 4.95 0.01

15 Seconds 10.5 30 5 0.01

15 Seconds 9.72 27 4.98 0.01

15 Seconds 10.8 26 4.97 0.04

30 Seconds 10.2 39 4.99 0.02

30 Seconds 10.3 42 5 0.01

30 Seconds 10.2 34 4.5 0.01

30 Seconds 10.2 30 5.01 0.01

1 minute 10.2 55.5 4.97 0.02

1 minute 10.1 52 4.98 0.02

1 minute 10.1 54 5.01 0.01

1 minute 10.1 48 4.99 0.02

2 minutes 9.84 72 4.95 0.02

2 minutes 9.92 71 5 0.03

2 minutes 9.86 55 4.96 0.03

2 minutes 10.1 66 4.93 0.03

5 minutes 9.28 72 4.95 0.12

5 minutes 9.3 70 4.96 0.15

5 minutes -- 65 5.02 0.13

5 minutes -- 55 4.88 0.15

10 minutes -- 82 5.02 0.23

10 minutes -- 87 5.03 0.23

10 minutes -- 86 5.03 0.23

10 minutes -- 85.5 5.02 0.24

S3. Supplementary methods 

RNA processing
200 ng of total RNA were treated using 2 µL of 10X Dnase I buffer and 1 µL of DNase I. Incuba-
tion was performed for 1 h at 37 °C with mixing at each 10 minutes. 5 µL of DNase inactivation 
reagent were then added and incubation at room temperature for 5 minutes with frequent mix-
ing for precipitate re-suspension was made. Supernatant was recovered after centrifugation at 
10000 g.

cDNA was obtained using the Roche reverse transcription kit (Roche, Hvidovre, Denmark) 
with Random Hexameres (100 µM; TAG Copenhagen, Denmark). Reaction mixes were consti-
tuted by 4 µL of 5x Strand buffer, 2 µL of DTT (0.1 M), 1 µL of dNTP (10 mM), 1 µL of Random 
Hexameres, 10 ng of template DNase treated RNA and water to a total volume of 20 µL. Mixes 

were incubated in a Peltier Thermal Cycler (DNA Engine DYAD™, USA) in a one cycle protocol as 
following: 2 minutes at 42 °C followed by the addition of 1 µL of reverse transcriptase (50 U/µL; 
Roche, Hvidovre, Denmark), 40 minutes at 42 °C, 30 minutes at 50 °C and 15 minutes at 72 °C to 
stop the reaction. 

16S rRNA transcript sequencing
The primers 341F (5’CCTACGGGRBGCASCAG-3’) and 806R (5’GGACTACNNGGGTATCTAAT-3’) 
( Sigma-Aldrich, Brøndby, Denmark) flanking the V3 and V4 regions of the 16S rRNA gene were 
used to amplify a gene fragment of 460 bp. The chosen primer set have previously been success-
fully used to target bacteria and archaea but with a higher matching efficiency for bacteria (Yu et 
al., 2005; Berg et al., 2012). The PCR mixes were constituted by 2.0 µL of 10X AccuPrime™ PCR Buf-
fer I containing 15 mM of MgCl2 (Life Technologies, Nærum, Denmark), 0.12 µL AccuPrime™ Taq 
DNA Polymerase (2 units/µl, Life Technologies, Nærum, Denmark), 1 µL of each  primer (10 µM), 
1 µL of a 1:10 dilution of cDNA as template and water to a total volume of 20 µL. The first PCR 
reactions were performed in a Peltier Thermal Cycler (DNA Engine DYAD™, USA) according to the 
following conditions: an initial activation of the hotstart polymerase at 94 °C for 2 min, followed 
by 35 cycles of denaturation at 94 °C for 20 sec, annealing at 56 °C for 20 sec and extension at 
68 °C for 30 sec, with a final extension at 68 °C for 5 min. Concentration of amplified PCR products 
was measured by Pico Green (Life Technologies, Nærum, Denmark) using a LightCycler 96 (Roche, 
Hvidovre, Denmark). Addition of adapters and indexes to DNA fragments was done in a second 
PCR where mixes were composed by: 2.0 µL of 10X AccuPrime™ PCR Buffer II containing 15 mM 
of MgCl2 (Invitrogen, Tåstrup, Denmark), 0.12 µL of AccuPrime™ Taq DNA Polymerase (2 units/µl, 
Life Technologies, Nærum, Denmark), 1.0 µL of each fusion primers (MS_515f_F  IndexNo and 
MS_806r_R IndexNo; 10 µM), 2 µL of PCR product obtained in the previous PCR and water to 
a total of 20 µL. A Peltier Thermal Cycler (DNA Engine DYAD™, USA) was used to perform the sec-
ond PCR reactions in the following way: initial activation of the hotstart polymerase at 94 °C for 
2 min, followed by 15 cycles of denaturation at 94 °C for 20 sec, annealing at 56 °C for 20 sec and 
extension at 68 °C for 30 sec, with final extension at 68 °C for 5 min. The amplified PCR products 
were incubated at 70 °C for 3 min and then placed on ice. Obtained fragment has approximate-
ly 400 bp including tag primers. Purification of PCR products was obtained using the AmPure 
XP Bead Purification Kit (Beckman Coulter, Copenhagen, Denmark) accordingly to the manufac-
turer instructions and applying 15 µL of AgencourtAMPure XP per reaction (0.75X of the total 
volume). The concentration of the purified second PCR products was measured by Pico Green 
(Life  Technologies, Nærum, Denmark) in a LightCycler 96 (Roche, Hvidovre, Denmark) and equal 
amounts of DNA were pooled in a 1.5 mL tube. The pooled sample was concentrated using DNA 
clean and concentrator-5 kit (Zymo Research, Irvine, CA, USA).

S4. PERMANOVA using the effect of treatment, time since disturbance, and treatment * time 
since disturbance as factors to explain the compositional variance of the bacterial community 
(10000 permutations; weighted Unifrac dissimilarity matrix).

Df MS Pseudo-F R2 P-Value

Time 10 0.28068 98.747 0.24291 0.001

Treatment 5 0.61147 215.122 0.26459 0.001

Treatment * Time 24 0.06775 23.837 0.14073 0.001

Residuals 143 0.02842 0.35177

Total 182 100.000
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S5. Effects of disturbance legacy of a heat shock on the bacterial community. 16S rRNA tran-
script numbers over genes (A), richness (B), and evenness (C) are shown as normalized ratios 
relative to the mean pre-disturbed control (heat-control) values for each respective time point. 
Statistically significant differences between the undisturbed-control and each treatment along 
time are shown as hollow circles (t-test, p < 0.05). 

Supplementary Information Chapter 6

S1. Changes in the abundances of total Bacteria and Archaea (relative to control) according to 
the disturbance history. Error bars denote standard deviation. Black dotted lines denote expo-
sure the date of exposure to heat or cold shock. Colored dotted lines indicate missing data for 
a given time segment.
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SUPPLEMENTARY INFORMATION CHAPTER 7

S1. Detailed description of sampling site. 
Table A. Soil physical and chemical parameters (overall average ± SD) on both management sys-
tems

Intensively-managed Sustainably-managed

SOM (%) 4.96 ± 1.30 3.67 ± 0.40

Total Carbon (%) 6.92 ± 2.94 5.96 ± 1.79

Organic carbon (%) 2.88 ± 0.75 2.15 ± 0.23

Dissolved organic carbon (DOC) (mg g−1 soil) 0.363 ± 0.069 0.264 ± 0.056

Total dissolved carbon (TDC) (mg g−1 soil) 0.450 ± 0.073 0.360 ± 0.060

Humic acids (mg g−1 soil) 19.22 ± 5.36 13.86 ± 3.32

Fulvic acids (mg g−1 soil) 4.29 ± 0.95 3.51 ± 0.83

Humin (mg g−1 soil) 5.63 ± 1.30 4.56 ± 1.12

Nitrogen (%) 0.36 ± 0.19 0.32 ± 0.09

pH (KCl) 4.48 ± 0.39 4.75 ± 0.29

Texture (% sand/silt/clay)

Sand: 64.79 ± 9.36
Silt: 23.01 ± 8.58
Clay: 12.21 ± 1.52
Sandy-loam

Sand: 69.76 + 8.42
Silt: 20.60 ± 7.31
Clay: 9.64 ± 1.39
Sandy-loam

Bulk density (g soil cm−1) 1.15 ± 0.21 1.20 ± 0.06

Water holding capacity (WHCmax,%) 41.72 ± 3.70 36.61 ± 3.26

Table B. Vegetation identified in both management systems

Species Family Functional Group Intensively-Managed Sustainably-managed

Agrostis pourretii Gramineae Grass X X

Anagallis arvensis Primulaceae Forb X X

Anagallis monelli Primulaceae Forb X

Andryala integrifolia Compositae Forb X

Avena barbata Gramineae Grass X

Briza maxima Gramineae Grass X

Bromus hordeaceus Gramineae Grass X

Bromus spp Gramineae Grass X

Bryonia dioica Curcubitaceae Forb X

Campanula spp Campanulaceae Forb X

Carduus tenuiflorus Compositae Forb X X

Carex spp Cyperaceae Grass X

Cerastium glomeratum Caryophyllaceae Forb X

Chamaemelum fuscatum Compositae Forb X

Chamaemelum spp Compositae Forb X

Cistus salvifolius Cistaceae Shrub X

Convolvulus arvensis Convolvulaceae Forb X

Crepis vesicaria Compositae Forb X

Cynara spp Compositae Forb X

Cynosurus echinatus Gramineae Grass X X

Dactylis glomerata Gramineae Grass X

Species Family Functional Group Intensively-Managed Sustainably-managed

Daucus carota Umbeliferae Forb X

Diplotaxis tenuifolia Brassicaceae Forb X

Echium plantagineum Boraginaceae Forb X X

Erodium cicutarium Geraniaceae Forb X

Galactites tomentosa Compositae Forb X

Geranium molle Geraniaceae Forb X

Geranium spp Geraniaceae Forb X

Hedypnois cretica Compositae Forb X

Holcus lanatus Gramineae Grass X X

Hordeum murinum Gramineae Grass X

Hypericum perforatum Hypericaceae Forb X

Jasione montana Campanulaceae Forb X

Lathyrus sphaericus Leguminosae Legume X

Leontodon taraxacoides Compositae Forb X

Lolium spp Gramineae Grass X

Malva spp Malvaceae Forb X

Medicago orbicularis Leguminosae Legume X

Medicago polymorpha Leguminosae Legume X

Medicago spp Leguminosae Legume X X

Muscari comosum Asparagaceae Forb X

Ornithopus compressus Leguminosae Legume X

Phalaris spp Gramineae Grass X

Plantago coronopus Plantaginaceae Forb X

Plantago lagopus Plantaginaceae Forb X

Plantago lanceolata Plantaginaceae Forb X X

Raphanus raphanistrum Brassicaceae Forb X

Rumex bucephalophorus Polygonaceae Forb X

Rumex conglomeratus Polygonaceae Forb X X

Senecio vulgaris Compositae Forb X

Sherardia arvensis Rubiaceae Forb X

Sisymbrium officinale Brassicaceae Forb X

Sonchus oleraceus Compositae Forb X

Spergularia capillacea Caryophyllaceae Forb X

Stellaria media Caryophyllaceae Forb X

Tolpis barbata Compositae Forb X X

Torilis nodosa Umbeliferae Forb X X

Trifolium arvense Leguminosae Legume X

Trifolium campestre Leguminosae Legume X

Trifolium cherleri Leguminosae Legume X

Trifolium glomeratum Leguminosae Legume X X

Trifolium spp Leguminosae Legume X X

Trifolium stellatum Leguminosae Legume X

Trifolium subterraneum Leguminosae Legume X

Tuberaria guttata Cistaceae Forb X

Verbascum spp Scrophulariaceae Forb X

Vicia spp Leguminosae Legume X

Vulpia geniculata Gramineae Grass X

Vulpia spp Gramineae Grass X

  



SU
PP

LE
M

EN
TA

RY
 IN

FO
RM

AT
IO

N

194 195

SI

Figure A. Pictures of sampling sites: intensively-managed plot (left) and sustainably-managed 
plot (right). 

S2. Moisture content in cores during the experiment. Blue box denotes period of extreme pre-
cipitation treatments. 

Figure S3. Bacterial abundance in cores during the experiment, measured as 16S rRNA copies 
per gram of dry soil.

Figure S4. Relative abundances of phyla within soils from intensive (top) and sustainably- 
managed plots (bottom). Numbers 1-5 refer to sampling times -1, 0, 5, 12, and 26 days after dis-
turbance, respectively. C, D, and F indicate control, drought, and flood treatments, respectively. 

Figure S5. The response of community composition over time, relative to the Sustainable control. A prin-
ciple response curve shows that time explains 5.35% of variance and time * treatment explains 62.6% of 
variance. The 1st axis explains 77.9% of variance in the system; the 2nd axis explains 8.3%. Detailed infor-
mation about the responses of the taxa with the highest and lowest species scores is found in Figure 4.
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Figure S3. Bacterial abundance in cores during the experiment, measured as 16S rRNA 
copies per gram of dry soil. 
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Figure S4. Relative abundances of phyla within soils from intensive (top) and sustainably-
managed plots (bottom). Numbers 1-5 refer to sampling times -1, 0, 5, 12, and 26 days after 
disturbance, respectively. C, D, and F indicate control, drought, and flood treatments, 
respectively.  
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Figure S5. The response of community composition over time, relative to the Sustainable 
control. A principle response curve shows that time explains 5.35% of variance and time * 
treatment explains 62.6% of variance. The 1st axis explains 77.9% of variance in the system; 
the 2nd axis explains 8.3%. Detailed information about the responses of the taxa with the 
highest and lowest species scores is found in Figure 4. 
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SUMMARY

Perhaps the most extraordinary aspect of ecosystems is their ability to re-
spond and adapt to their surroundings, persisting in the face of seemingly 
insurmountable obstacles. This is ecological resilience. A century of exploring 
how ecological communities adapt to disturbance has revealed that the di-
verse and dynamic nature of ecosystems is key to their resilience. Ironically, 
the study ecological resilience in soil microbial communities has lagged be-
hind macro-ecological research, despite their key role in sustaining soil life 
through nutrient cycling, due to their extreme complexity. Until recently, dis-
turbance responses in the soil microbiota were largely investigated as static, 
single-equilibrium systems, similar to engineered machines operating outside 
of their normal operating range. The revolution in high-throughput sequenc-
ing has made it possible to conduct detailed censuses of entire microbial com-
munities, at a high temporal resolution and with associated phylogenetic in-
formation, providing high resolution data on soil microbial communities that 
currently surpasses that available in macro-ecology. Thus, it is possible evalu-
ate the applicability of macro-ecological theory to microbial communities.  

This thesis addresses the gap in experimental and theoretical knowledge 
regarding the process of recovery following disturbance in soil microbial com-
munities—a phenomenon I refer to as ecological resilience. Because ecolog-
ical resilience includes the possibility of multiple equilibria, community col-
lapses, and a strong influence of legacy on the community’ ability to recover, it 
may be a better framework for evaluating the effects of anthropogenic pres-
sures and climate change on soil microbiota. In Chapter 2, I explore the avail-
able literature regarding the relationship between biodiversity and ecosystem 
functioning among the soil microbiota. I propose that, like all other ecosys-
tems, soil microbial communities may have multiple equilibria. I conclude that 
resilience should thus not be measured relative to a single equilibrium, and 
suggest that, like other functions, resilience may be lost from the community 
after multiple perturbations. This Chapter serves as a foundation for the hy-
potheses which underlie the rest of the thesis, namely that a) following distur-
bance, soil microbial communities respond in stages guided by the changing 
relevance of particular traits; b) a soil’s disturbance legacy affects the response 
of the microbial community’s recovery from further perturbation. If the above 
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Thus, in a third experiment, I subjected model soil microcosms to a first heat 
shock, and then subjected them to an identical, second heat shock or to 
a novel cold shock, and compared the patterns of recovery of the bacterial 
community to those observed in microcosms without the first heat shock 
(Chapter 5). The results showed that communities exposed to the first heat 
shock recovered more rapidly from a second heat shock, but were dispropor-
tionately affected by a cold shock. I hypothesized that this phenomenon was 
largely an effect of the decoupling of functions between interdependent or-
ganisms. In order to test this, in Chapter 6 I explored the total abundance of 
four key groups of nitrifying organisms in soil using quantitative PCR. Due to 
low temporal resolution, I was unable to resolve whether the abundance of 
each group depended on the others; however, we observed that the response 
patterns of the two groups of ammonia oxidizers and the two groups of nitrite 
oxidizers—which rely on the latter for nitrite—depended on both the identity 
of the disturbance and on the existence of a disturbance legacy. 

Given the above findings, I sought to determine whether they had prac-
tical applications to real-world scenarios, which are presented in Chapter 7. 
Given the threat of a higher frequency and intensity of droughts and floods 
in the near future and the widespread nature of intensively managed agricul-
tural systems, I explored whether the soil bacterial communities of intensively 
managed land exhibited different response patterns to extreme drought and 
flood events than those from sustainably managed land.  This experiment 
revealed that in the bacteriomes of intensively managed soils, both drought 
and flood triggered successional dynamics, while sustainably managed soils 
were only vulnerable to flood. The intensively managed soils recovered more 
rapidly, however, likely due to the higher proportion of fast-growing taxa in 
these communities. 

The findings of this thesis are summarized in a theoretical framework for 
secondary succession in microbial communities, or microsuccession, present-
ed in Chapter 8. The adoption of the concept of microsuccession into micro-
bial disturbance response theory represents an important step forward in 
understanding microbial resilience, and may serve as a conceptual tool in pre-
dicting the long-term effect of anthropogenic pressures and climate change 
on the belowground terrestrial microbiota and potential feedbacks arising 
therein. 

claims are true, c) this must have implications for the ecological resilience of 
soils under different management types, under the assumption that the prac-
tices associated with the different management regimes might modulate the 
soil microbial response to further perturbations, such as those expected to oc-
cur under the current global change scenarios. A key goal of this thesis was to 
compare the process of recovery in soil microbial communities to secondary 
succession, as observed in macro-ecosystems, starting with a more theoreti-
cal approach, where great temporal resolution and highly controlled experi-
ments are subjected to model disturbances, and ending with a field study that 
simulates the impact of global change events on agricultural soils. 

Successional theory dictates that the series of species replacements ob-
served over a successional gradient result from the changing importance of 
different traits for survival along this gradient. To test this, in Chapter 3, I first 
exposed soil microcosms to heat shocks of increasing duration, and assessed 
the composition of the active portion of the microbial community immedi-
ately afterwards. I found that increasingly long heat shocks produced distinct 
and increasingly different communities. Furthermore, the positive phyloge-
netic signal in the resulting communities suggested that this grouping re-
sulted from selection of a phylogenetically conserved trait, in this case heat 
tolerance (capacity to produce spores). In Chapter 4, I performed a second mi-
crocosm experiment, in which I monitored the active portion of the soil bacte-
rial community in the aftermath of a single heat shock using model soil com-
munities. The patterns in bacterial community structures over time revealed 
three distinct stages during the course of recovery. By exploring the known 
ecological characteristics of the dominant organisms at each stage, I posited 
that the stages were mediated by a shift in the relative importance of different 
traits, from stress tolerance, to the ability to grow rapidly on labile resources, 
to the ability to outcompete others once those resources become scarce, thus 
highlighting the importance of autogenic succession in model soil microbial 
communities.

The existence of autogenic succession in microbial communities led me to 
question the role of the soil’s disturbance legacy in mediating the observed 
process, which I address in Chapters 5 to 7. Particularly, I sought to answer 
whether the type disturbance in the soil’s legacy affected the soil microbial 
community’s ability to recover from a second identical or novel disturbance. 
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a) na een verstoring microbiële bodemgemeenschappen in fasen reageren al 
naar gelang de veranderende relevantie van specifieke eigenschappen; b) de 
verstoringsgeschiedenis van een bodem invloed heeft op de weerstand van 
een microbiële bodemgemeenschap bij volgende verstoringen. Als deze hy-
pothesen geverifieerd kunnen worden, dan heeft dit implicaties voor de ecol-
ogische weerstand van bodemsoorten onder verschillende bewerkingstypen. 
Dit veronderstelt dat de werkwijzen geassocieerd met de verschillende be-
werkingsregimes de bodemrespons bij verdere verstoringen, zoals verwacht 
onder de huidige klimaatveranderingsscenario’s, kunnen moduleren. Een 
belangrijk doel van dit proefschrift was om het herstelproces van microbiële 
bodemgemeenschappen te vergelijken, zoals in macro-ecosystemen. Dit be-
gint met een theoretische benadering, waarin een hoge temporele resolutie 
en strikt gecontroleerde experimenten onderworpen worden aan modelver-
storingen en eindigt met een veldstudie die de impact van klimaatverander-
ing op landbouwbodems simuleert. 

De theorie van ecologische successies stelt dat soort “replacements” over 
een successionele gradient gestuurd worden al naar gelang het belang van 
verschillende overlevingseigenschappen langs deze gradient verschuift. 
Om deze theorie te testen heb ik in hoofdstuk 3 bodemmicrocosmossyste-
men blootgesteld aan hitteschokken van toenemende tijdsduur, waarna ik 
de samenstelling van het vermoedelijk actieve deel van de microbiële   ge-
meenschap heb bepaald. Ik concludeerde dat deze hitteschokken met de 
toenemende tijdsduur specifieke en in toenemende mate verschillende ge-
meenschappen gaven. Tevens gaf het positieve fylogenetische signaal in de 
resulterende gemeenschappen aan dat dit resulteerde uit de selectie van een 
fylogenetisch-geconserveerde eigenschap, in dit geval hitteresistentie (ca-
paciteit om sporen te produceren). In hoofdstuk 4 heb ik een microcosmosex-
periment uitgevoerd waarin het vermoedelijk actieve deel van de bacteriele 
bodemgemeenschap is gemonitord na een enkele hitteschok, hierbij gebrui-
kmakend van model- bodemgemeenschappen. De patronen in de bacteriele 
gemeenschapsstructuren lieten drie verschillende fasen zien tijdens het her-
stelproces. Onder aanname van de ecologische kenmerken van de dominante 
organismen tijdens elke fase, stel ik voor dat de fasen bepaald werden door 
een verschuiving in het relatieve belang van de eigenschappen stresstoleran-
tie, het vermogen snel te groeien op labiele hulpbronnen en het vermogen 

SAMENVATTING

Het meest bijzondere kenmerk van levende ecosystemen is waarschijnlijk 
hun vermogen zich aan te passen aan hun omgeving, ook onder ogenschijn-
lijk onoverkomelijke obstakels. Dit verschijnsel noem ik “ecological resilience”. 
Honderd jaar onderzoek naar aanpassing van ecologische gemeenschappen 
aan verstoringen heeft uitgewezen dat de diverse en dynamische aard van 
dezen cruciaal is voor hun veerkracht. Hoewel microbiële bodemgemeen-
schappen een cruciale rol spelen in de voedselkringloop, is het onderzoek naar 
hun ecologische veerkracht achtergebleven bij dat van macro-ecologische 
systemen, met name door hun buitengewoon grote complexiteit. Tot kort-
geleden werd er in het onderzoek naar verstoring van microbiële bodemge-
meenschappen uitgegaan van statische systemen met eenduidig ecologisch 
evenwicht, naar analogie van machines die gebouwd zijn om te functioneren 
binnen een bepaald temperatuurbereik. De revolutie in high-throughput 
sequencing heeft het mogelijk gemaakt om microbiële bodemgemeen-
schappen kwantitatief en fylogenetisch te karakteriseren met een temporele 
resolutie die in macro-ecologisch onderzoek meestal niet haalbaar is. Deze 
ontwikkeling heeft de mogelijkheid geschapen om de toepasbaarheid van 
macro-ecologische theorie op microbiële ecosystemen te testen

Dit proefschrift richt zich op de kloof tussen de theoretische en experimen-
tele kennis over het herstelproces na verstoring van microbiële bodemge-
meenschappen. Omdat binnen het raamwerk van ecological resilience meer-
dere ecologische evenwichten, “instorting” van gemeenschappen en een 
sterke invloed van het verstoringsverleden inbegrepen zijn, kan het een beter 
begrip van de effecten van antropogene  druk en klimaatverandering op het 
microbiële bodemleven verschaffen. In hoofdstuk 2 verken ik de beschik-
bare literatuur over de relatie tussen biodiversiteit en het functioneren van 
microbiële ecosystemen. Ik stel voor dat microbiële bodemgemeenschap-
pen, net als andere ecosystemen, meerdere  evenwichten zouden kunnen 
hebben. Ik concludeer daarom ook dat  ecological resilience niet gemeten 
zou moeten worden ten opzichte van een evenwicht en stel voor dat de re-
silience van een systeem, net als andere functies, verloren zou kunnen gaan 
na meerdere verstoringen. Dit hoofdstuk dient als basis voor de hypothesen 
waarop de rest van dit proefschrift gestoeld is. Deze hypothesen stellen dat 
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competitie te winnen op het moment dat deze hulpbronnen schaars worden. 
Hierdoor wordt belang van autogene successie in model microbiële grondge-
meenschappen duidelijk. 

Het bestaan van autogene successie in microbiële   gemeenschappen 
leidde me er toe de rol van de verstoringsgeschiedenis in het proces nader te 
onderzoeken. Dit wordt verder behandeld in hoofdstuk 5 tot en met 7. In het 
bijzonder onderzocht ik of het type verstoring van de grond het vermogen 
van de microbiële   bodemgemeenschap om te herstellen van een tweede 
identieke of nieuwe verstoring beïvloedt. Derhalve stelde ik modelbodemmi-
crocosmossystemen eerst bloot aan een hitteschok en daarna aan een iden-
tieke tweede hitteschok of aan een nieuwe koudeschok. Ik vergeleek daarna 
de herstelpatronen van de bacteriegemeenschappen met de patronen die ik 
waarnam in de microcosmossystemen zonder de eerste hitteschok (Hoofdstuk 
5). De resultaten lieten zien dat de gemeenschappen die blootgesteld waren 
aan de eerste hitteschok sneller herstelden van een tweede hitteschok dan de 
controlesystemen, maar disproportioneel getroffen werden door een koude-
schok. Mijn hypothese was dat dit fenomeen grotendeels een effect was van 
het ontkoppelen van functies tussen van elkaar afhankelijke organismen. Om 
dit te testen heb ik in hoofdstuk 6 de vier cruciale groepen van nitrificerende 
organismen in de bodem bepaald met behulp van kwantitatieve PCR. Door 
de lage temporale resolutie was ik evenwel niet in staat om waar te nemen 
of de omvang van elke groep afhing van die van andere groepen; echter, de 
responspatronen van de twee groepen van ammoniak-oxideerders en die van 
de twee nitriet-oxiderende groepen (die afhankelijk zijn van de eerste groep-
en voor stikstof ) – waren afhankelijk van zowel de identiteit van de verstoring 
alsook het verstoringsverleden.

Met als basis de voorgaande bevindingen heb ik onderzocht wat de impli-
caties voor scenario’s in de ‘real world’ zouden kunnen zijn. Deze implicaties 
beschrijf ik in hoofdstuk 7. Vanuit de voorspelde toename van de frequentie 
en intensiteit van droogten en overstromingen, alsmede de gekende domi-
nantie van intensief-gemanagede landbouwsystemen, onderzocht ik of de 
bacteriele bodemgemeenschappen van intensief bewerkt land andere reac-
tiepatronen laten zien bij extreme droogte of overstromingen dan die van 
duurzaam bewerkt land. Dit experiment liet zien dat zowel droogte als over-
stromingen de dynamiek in de bacteriomen van intensief bewerkte grond 

beinvloedden, terwijl duurzaam bewerkte grond alleen kwetsbaar was voor 
overstroming. De intensief bewerkte grondsoorten herstelden sneller dan de 
duurzaam behandelden. Het is waarschijnlijk dat dit veroorzaakt werd door 
de hogere proportie van snelgroeiende taxa in de gemeenschappen in de 
eerstgenoemde bodems. 

De bevindingen van dit proefschrift zijn tenslotte samengevat in een theo-
retisch raamwerk dat de secundaire successie in microbiële   gemeenschappen 
(microsuccessie) beschrijft, zoals gepresenteerd in hoofdstuk 8. De introductie 
van het microsuccessieconcept in microbiële   verstoringsreactietheorie bete-
kent een belangrijke stap vooruit in het begrijpen van microbiële   ”resilience”, 
en kan dienen als hulpmiddel voor het voorspellen van het lange-termijnef-
fect van antropogene invloeden alsook klimaatverandering op de bodemmi-
crobiota en de daaruit voortvloeiende potentiele terugkoppeling. 
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