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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). 


