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AQUATIC BACTERIA, LAKES, AND WATER COLUMN OVERTURN: A MODEL MICROBIAL SYSTEM 

FOR DISTURBANCE ECOLOGY 

By Ashley Shade 

Under the supervision of Professor Katherine D. McMahon 

At the University of Wisconsin-Madison 

Microbes and their processes are essential for life. However, a theoretical backbone for 

microbial ecology is lacking. To address this, I tested principles f rom disturbance ecology using 

an in situ microbial system. The components of this system were lakes, planktonic bacteria, and 

lake mixing as the disturbance. Lake mixing disrupts physical and chemical conditions known to 

structure lake bacterial communit ies in space and t ime. The research progressed f rom seasonal 

observations of lake bacterial communi t ies to a natural experiment in a typhoon-influenced 

lake, and finally to controlled mixing manipulations. In a six-year survey of Lake Mendota, 

surface bacterial communit ies fo l lowed a predictable seasonal trajectory that was repeated 

across years. From this, I hypothesized that spring mixing acted as a resetting event. In a second 

weekly survey of bacterial communit ies f rom three lakes across a gradient of mixing regimes, 

surface (epil imnion) and bot tom (hypol imnion) communit ies were compositionally distinct and 

also had remarkably dif ferent dynamics. A natural experiment fol lowed these observations: I 

contrasted the responses of surface and bo t tom bacterial communit ies after episodic, typhoon-

init iated mixing and seasonal, w in ter mixing in a small Taiwanese lake. I quantified mixing 
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intensity and demonstrated a linear relationship between surface and bottom community 

similarity and the intensity, which suggested community responses were predictable. Next, I 

conducted t w o in situ mixing manipulations. The first was a mesocosm manipulation of 

hypothesized mixing-associated environmental drivers, and fol lowed by quantification of the 

resistance and resilience of the surface and bot tom communities. These results suggested that 

bacterial communit ies f rom either layer were not resistant but quickly resilient to disturbance. 

Finally, to determine bacterial communi ty responses after a novel, extreme disturbance, I 

mixed a whole lake at the peak of strati f ication. Again, the communit ies were not resistant but 

surprisingly resilient to the disturbance, despite the novelty of the post-mixing environment. 

This reveals an incredible robustness of the lake bacterial communit ies to unpredictable 

perturbat ion. From this research, I have shown that principles of large-scale ecology are 

applicable for understanding patterns of microbial community disturbance response, and have 

therefore contr ibuted to developing a disturbance paradigm inclusive of micro- and macro-

scale organisms. 
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for publication using Applied and Environmental Microbiology guidelines, and each includes an 

abstract, introduction, methods, results, discussion, and references. Chapter eight is formatted 

for publication to Nature, and includes a summary, main text, methods, and supplemental 

materials. The introductory and the perspectives chapters one and nine include an outline 

instead of a chapter abstract, and are not formatted for publication. 
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Microbial ecology: context and challenges of a science in revival 

Microbial ecology, the study of microbes and their interactions with each other and 

their ecosystem, has recently experienced a renaissance. Cutting-edge molecular tools allow 

researchers to ask questions about the inter-workings of microbial ecology and evolution that 

were previously not addressable (e.g. (27, 28, 58, 69, 71)). A wealth of data about microbial 

assemblages and their environments can be obtained quickly and relatively inexpensively using 

next-generation sequencing techniques and real-time environmental sensors (e.g. (26, 33, 63)). 

The tools available today represent a leap forward f rom the classical environmental 

microbiology init iated by Ferdinand Cohn, Martinus Beijerinck, Sergei Winogradsky and 

colleagues in the mid 1800's to early 1900's. At this t ime, microbiology was largely restricted to 

culturable microorganisms. Because of this restriction, basic biology and distributions of 

naturally occurring microbial assemblages in the air, soil, and water were unknown, and a 

handful of culturable microorganisms like Escherchia coli and Pseudomonas became models for 

our view of the microbial world. 

Today's revival of microbial ecology holds great promise for a mult i tude of applications, 

f rom responding to global change to preventing microbiai-associated human diseases. For 

example, global change science relies on the process rates of microbial consortia to understand 

carbon and nutrient cycling through terrestrial and aquatic landscapes (e.g. (6, 21, 68)), and 

much emphasis has been recently placed on "scaling up" these microbial processes to 

understand their global relevance (41). As another example, the recent Human Microbiome 

Project promises that int imate knowledge of human-associated microbes and their interactions 

wi th their human host wil l advance personalized medicine (e.g. (25, 26, 59, 80)). Both examples 
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represent grand challenges for the upcoming decade, but neither can be accomplished separate 

f rom the field of microbial ecology. 

One persistent challenge that confronts microbial ecology is placing these easily-generated 

tetrabytes of data into context. In some ways, the generation of data has jumped ahead of 

building the necessary ecological f ramework. As Prosser etal. noted (2007)(58), "Theory is used 

to classify, interpret, and predict the wor ld around us. Wi thout it, microbial ecology is merely 

the accumulat ion of si tuat ion-bound statements that are of l imited predictive ability, providing 

microbiologists wi th few insights." Wi th the development of theory, microbial ecology wil l 

progress f rom a descriptive science to a predictive, hypothesis-driven science (e.g. (37, 38)). 

One logical starting point for f raming microbial ecology is to look to ecological theory 

established for larger organisms (7, 31, 32, 58). Notably, f raming microbes with "macrobial" 

ecology does not solely benefit microbial ecology. Microbes can serve as compelling models for 

test ing ecological theory that yet lacks empirical evidence (37). Experiments that are either 

challenging or not reproducible w i th larger organisms can be achieved with microbes because 

of their rapid responses and generation times. As an example, contrast the turnover t ime of a 

forest w i th that of a marine microbial community. Wi th molecular advances, microbes are 

easily tractable in the environment, and also can be genetically manipulated to exhibit desired 

traits. These characteristics of microbial models could contr ibute greatly to addressing existing 

gaps in the ecological l i terature by providing manageable experimental systems. 

However, there are also arguments against the use of microbial models for ecology. These 

include biological differences, such as long-lived resting stages and novel sexual strategies (37, 

58). Another argument against microbial models for ecology is the inherent differences in 
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dispersal among microbes and larger organisms: microbes are of ten considered to be unl imited 

in dispersal, which violates many assumptions of community and population ecology. A final 

and large hurdle for microbial ecologists is "species concepts", which are relevant for asking 

questions of classical diversity (14, 22, 58, 62). Currently, microbial studies often restrict species 

definit ions as operational taxonomic units wi thin the community profil ing method of choice, or 

based on some arbitrary percent pairwise sequence identity of a chosen gene. 

However, many of the arguments above can be countered. For instance, some animals such 

as tardigrades also have prolonged resting stages, dust and pollen dispersal could also be 

considered unlimited given our current knowledge of the capabilities of Saharan dust to 

t ransport smaller life forms, including microorganisms, across the globe (e.g.(61)). Also, as 

molecular techniques improve, it is expected that robust species definitions for Bacteria and 

Archaea wil l be developed. Wi th this anticipation, it is reasonable to use the molecular 

technologies currently available to ask whether microbes fol low the same ecological principles 

as larger organisms, gathering evidence and describing patterns to provide the necessary 

groundwork. 

There is a compelling example in which microbial and macrobial organisms share the 

same ecological principle. There is a taxa-area relationship for organisms that follows a power 

law. This relationship suggests that the greater the spatial area sampled, the more species wil l 

be observed. The taxa-area relationship was expanded in studies of island biogeography (where 

bigger islands had more species), but was first made famous by Baas-Becking's 1934 assertion 

that "everything is everywhere but the environment selects." The taxa-area phenomenon has 

been demonstrated for microbial species in salt marshes (32), and tree hole ecosystems (9), as 
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wel l as in silico model ing (78). Though the taxa-area relat ionship is not disputed to apply for 

microbes, the exact value of the scaling exponent, z, is still debated. Horner-Devine et al. and 

Bell et al. have found the scaling exponent to be much lower than w h a t has been observed for 

macrobial taxa-area relationships, and at t r ibute this di f ference to higher microbial dispersal. 

But Woodcock et al. suggest tha t if sampling is exhaustive, the scaling exponent wi l l be the 

same for large and small organisms. 

To summarize, I have in t roduced microbial ecology as a discipline in need of f ramework, 

and macro-scale ecology as a possible input for this f ramework . In the next section, I wi l l 

consider one popular ecological theory , disturbance, which may hold insight for describing 

microbial pat terns in nature. Disturbance also is a highly debated topic in ecology, and so 

microbial ecology research may reciprocally help to advance disturbance theory towards an 

inclusive f r amework for organisms great and small. 

Disturbance ecology 

Disturbance is def ined by Wh i te (74) as the discrete disrupt ion o f ecosystem, communi ty , or 

populat ion structure, or change in resource availabil ity or the physical env i ronment . 

Disturbance remains one of the most simultaneously provocat ive and extensively published 

subject ma t te r in ecology. One reason for this at tent ion is the ubiqui ty of disturbance (75). 

Every ecosystem experiences some level of disturbance. Addi t ional ly, disturbances are of ten 

described as fundamenta l for s t ructur ing ecosystems because they create patches and maintain 

heterogenei ty (67). In this way, disturbances are considered to be integral for normal 

ecosystem funct ion. 
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There are qualitative ways to characterize a disturbance, such as by its intensity, frequency, 

or periodicity (67, 74, 75). Though there are other characteristics of disturbances, I focus on 

some most easily transferred to microbial systems. Intensity is the magnitude of a disturbance. 

For example, a tornado would represent a more intense disturbance than a mild wind event. 

Frequency is the number of disturbances wi th in a given t ime frame, and when many 

disturbance events are compounded, can provoke additional, separate disturbances (70). For 

example, many small rainstorms in a spring season may create prolonged flooding (60), and fire 

may increase tree susceptibility to insect predation (70). Periodicity is the regularity of the 

disturbance in t ime, and can range f rom episodic (unpredictable) to regular or routine and 

perhaps wi th in a seasonal context. Seasonal disturbances consistently occur within a specific 

temporal cycle or environmental event, whi le episodic disturbances may be less predictable, 

infrequent, or inconsistent. Hurricanes may be examples of episodic disturbance; alternatively, 

floods may be an example of a seasonal disturbance because they of ten cycle predictably and 

fol low weather cues (45). 

Each of the above ment ioned disturbance characteristics- intensity, frequency, and 

periodicity- must be defined relative to the system of interest for cross-comparisons and 

synthesis (67, 70, 75). For instance, a tree fall in a forest can be considered an intense 

disturbance to an ant community on the forest f loor, one that happens rarely, if ever, over the 

course of an ant-l ife span. But, to the forest community, a tree fall is a frequent and relatively 

mild disturbance (60). 

A system's response to a disturbance depends not only on the disturbance itself, but also on 

a network of interacting components. Disturbance history or regime influences the disturbance 
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response, both physically (by creating a susceptibility to disturbance or compounded effects) 

and biologically (by applying a selective pressure for organisms adapted to withstand the 

disturbance) (75). The regional pool of species, which varies by system, also influences the post-

disturbance response by mediat ing dispersal and colonization of immigrants (70). The 

competi t ive or synergistic dynamics of communi ty members can also play a role in the post-

disturbance succession. 

From a communi ty perspective, there are metrics of a disturbance response that allow 

cross-event comparisons. We adopt the definit ions of Pimm (57) for community resistance, 

resilience, variabil ity, and stability. Resistance, resilience, and variabil ity are components of 

system stability, which generally describes how well a system can recover from perturbations. 

Resistance is the extent of change given a disturbance event, and resilience is the rate at which 

a communi ty returns to its pre-disturbance state. Variability includes how much the community 

changes through t ime, and can be compared for disturbance and non-disturbance conditions. 

Variability may also serve an effective metric for the duration of disturbance impact (23), and 

changes in variabil i ty may be sustained long after a disturbance has subsided (67). 

Implications of disturbance: microbial and "macrobial" perspectives 

There is a growing body of l i terature that has begun to describe and address implications of 

disturbance ecology in microbial systems, f rom the cellular or phenotypic level (e.g. (12)), to the 

population or ecotype level (79), to communi ty level (e.g. (2, 3)). For this section, I will review 

two theoret ical implications of disturbances: selection of adapted populations and robust 

communit ies, and intermediate disturbance. I have chosen these two examples because they 
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provide a contrast wi th one another. The concept of the selection of communities robust to 

disturbance regimes is not of ten debated, but there are few experimental studies that support 

it because the process of evolution is di f f icul t to observe on macroscales; rather we often only 

observe the endpoints. In contrast, the intermediate disturbance hypothesis is widely discussed 

and debated, and there is much field evidence both supporting and refuting it. Therefore, each 

implication may benefit f rom the inclusion of microbial evidence to fill gaps and strengthen 

arguments. 

(a) Selection of communit ies robust to disturbance regimes 

Disturbances that occur f requent ly (in respect to the life span of the organisms in the 

communi ty of interest) can select for organisms adapted to a disturbance regime, and as a 

result shape the landscape of the ecosystem. As a classic example, Australian Eucalyptus trees 

have f lammable oils in their bark that p romote fires, and then the extreme heat of the fire 

disturbance triggers seed dispersal (e.g. (42)). Similarly, plant communit ies in Mediterranean 

ecosystems also have evolved wi th f ire regimes such that the landscape is structured by patch 

dynamics (including inter- and intra-specific interactions) and specific post-fire successional 

pathways (50). Disturbance regimes can also select for life history strategies that optimize 

growth and procreation or dispersal, and this has been discussed and demonstrated for a 

variety of plant species (e.g. (19, 53)) and also for butterfl ies (45). 

As a microbial example of selection by disturbance, a lab-scale experiment by Buckling 

et al. (12), demonstrated that repeated disturbances lead to the diversification of Pseudomonas 

fluorescens strains, but only in conditions that permit ted periodic niche heterogeneity. In a flask 



10 

l iquid broth environment, Pseudomonas would diversify into three strains, each capable of 

persisting in a d i f ferent habitat: on the bo t tom surface of the flask, suspended within the liquid 

broth, or at the air-broth interface. In this experiment, the disturbance was the removal of 

biomass f rom the culture, representing mortal i ty. The authors found that unshaken 

environments w i th intermediate levels of mortal i ty promoted the most diversification among 

Pseudomonas morphs. 

Though the selection of adapted organisms to frequent disturbances is not contested, 

there is a gap in our knowledge about communi ty robustness to infrequent or novel 

disturbances. For instance, Turner (70) suggested that the residuals left f rom plant communities 

after disturbances, for instance seeds or spores, determines whether the community will be 

able to recover f rom the disturbance. However, an especially intense disturbance that destroys 

hardy residuals wi l l lead to local extinctions or alternate community compositions and 

successions. These could permanently alter a system. This is interesting f rom a microbial 

perspective, where residuals comparable to plant seeds or spores, such as resting cells like 

exospores or cysts, are often considered to promote a biological advantage in dispersal, 

longevity, and prominence in communit ies. Often in natural (not lab-cultured) bacterial 

communit ies, starved or sporulated cells are more common than active cells (e.g. (44)). Though 

the ubiquity of microbial species and their extent of dispersal for bacteria remains hotly 

debated (see (49, 54, 66)), this constant survival mode adaptation for microbial species may 

allow them to endure extremely large and novel disturbance events. 

Because, by their nature, large, infrequent disturbances are diff icult to witness and 

study in large scale systems, microbial systems may offer compelling experimental models for 
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understanding extreme disturbances, and whether or not the imprint of extreme events leaves 

residual signatures on future generations (44), or impacts the resilience of microbial 

communit ies fo l lowing routine or compounded disturbances. This would allow for the 

development of theory for infrequent disturbances and, for instance, whether a community 

robust to a disturbance regime is also robust when faced wi th a novel disturbance. 

(b) Intermediate disturbance hypothesis 

The Intermediate Disturbance Hypothesis put for th by Conneil in 1978 suggested that 

disturbances of medium frequency supported the highest diversity (15). To support his 

hypothesis, Conneil cited examples f rom forest f ire and corral reef hurricane regimes. At low 

disturbance frequencies, a few very compet i t ive populations would dominate the community, 

because there was nothing other than disturbance to limit their growth. At high disturbance 

frequencies, only the early pioneer populations capable of growth in the harsh post-disturbance 

environment (and able to set a foothold for other species to then colonize) would persist. By 

default, the communi ty experiencing the medium frequency of disturbance would harbor the 

highest diversity. 

Connell's intermediate disturbance ideas were then extrapolated to include not only 

disturbance events of intermediate frequency, but also intensity, duration, extent (referring to 

spatial area affected) (67, 75). Also, the ecological implications of high diversity were a popular 

topic of research in the 1990s and early 2000s, where high diversity was hypothesized to be a 

desirable system characteristic because it was linked wi th increased stability and productivity 

(30, 43). Therefore intermediate disturbance and high diversity would reinforce each other: 



intermediate disturbances lead to higher diversity, but higher diversity al lowed for greater 

community robustness to disturbances, capable of high resistance to disturbance and rapid 

resilience (67, 75). As an extension, systems wi th stable communit ies were less likely to 

experience unexpected regime shifts or transit ions to alternate stable states (35). Notably, 

there are many studies in the ecology l i terature that both support and refute intermediate 

disturbance theory and its consequences for stability and diversity. 

Microbiologists have also become smit ten wi th intermediate disturbance, and so as for 

larger organisms, there exists a body of knowledge that both supports and refutes intermediate 

disturbance. One challenge wi th these studies is that they are not of ten directly comparable 

because of methods, frequency of sampling relative to the magnitude of the disturbance, and 

other practical reasons. Here, I review a few well-cited studies that are not in agreement. In a 

classic culture-based experiment, Atlas et al. showed that three dif ferent microbial 

communit ies per turbed by di f ferent disturbances (oil spill and gasoline spill for two aquatic 

communities, and pesticides for a soil community) consistently were less diverse than the 

unperturbed control (4). Additionally, these perturbed communities exhibited a broader range 

of physiological tolerances than the control, suggesting higher functional redundancy and 

stability. These results were surprising because it was hypothesized that the disturbed 

community would specialize to a narrow range of physiology restricted to those conditions 

imposed by the disturbance. Thus, in this study, post-disturbance diversity and stability were 

not directly correlated, and it seemed that the more plastic organisms were most f it in post-

disturbance condit ions. 



13 

There are also studies that addressed the impact of intermediate levels of disturbance 

more directly. Brockhurst et al. 2007 (11) demonstrated that inter-strain cooperation also 

peaked at intermediate disturbances in a model simulation, and then corroborated these 

results using Pseudomonas fluoresceins biofi lms. In a study of bacterial communit ies along a 

river to ocean salinity and productivity gradient, Hewson and Fuhrman found that diversity 

(measured by a molecular f ingerprint ing technique) peaked in the bay, at the medium distance 

between the ocean and the river (29). in this system, salinity was highest in the ocean, but 

nutr ient concentrations were highest in the river. The authors suggested that salinity and 

nutrients concentrations could be considered a gradient of perturbation, and that their study 

demonstrated intermediate disturbance for aquatic microbial communities. Oppositely, Wohl 

et al. found that diverse constructed bacterial communities were maintained when 

environmental condit ions were held constant, in essence testing a null hypothesis of 

intermediate disturbance (77). Wohl and coauthors found that the more diverse communities 

degraded cellulose faster than less diverse communit ies, suggesting that the diversity promoted 

functional redundancy and functional stabil ity in the absence of disturbance. In the Wohl 

experiment, the richest community constructed included eight species. 

From these few well-cited microbial disturbance studies, it becomes apparent that there 

is no synthesis or common framework that fits wel l to all of them. Some next steps may be to 

expand upon single and minimal species experiments (28) to the community level, to construct 

metrics of disturbances and responses that wou ld allow for direct comparisons between 

studies, and to recognize that disturbance responses occur in the context of a system history 

(including that system's disturbance regime) that must be addressed when interpreting results. 
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A model system to understand disturbance: lakes, aquatic microbes, and water column 

mixing 

A review of the l i terature of microbes and disturbance ecology reveals that there are 

many observations of natural microbial communit ies fol lowing disturbances, and many bench-

top experiments of the ecological theory w i th lab-cultured strains of microbial communities. 

What remains less represented is the middle ground: controlled in situ manipulations. 

Manipulations in the environment wi th naturally occurring microbial communit ies are 

important to conf i rm results of the laboratory-scale experiments and to replicate and further 

probe the underlying mechanisms of communi ty response following ecosystem-relevant 

disturbances. It has been argued that bench top microcosm experiments are too simplified to 

represent nature (13) and that natural experiments provide no control to allow for 

generalizations and advancement of theory (37). In situ experiments can provide a compromise 

between these two extremes. My dissertation research begins to address this gap, and my 

studies have fo l lowed a logical progression f rom observational studies, natural experiments, 

and finally, the in situ manipulations of both small (mesocosm) and large (ecosystem) scales. 

My model system for addressing questions about disturbance ecology has three 

components: the ecosystem (environmental condit ions and associated physical and chemical 

components) is a north temperate lake, the communit ies of interest are planktonic bacterial 

communities, and the disturbance is lake mixing, also called overturn. 

(a) The ecosystem: nor th temperate lakes 
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Freshwater is essential for life on this planet, and lakes serve as easily accessible 

reservoirs of freshwater on the Earth's surface. Al though lakes have been historically 

undervalued wi th respect to their contributions to global carbon and nutr ient cycling (as 

compared to the world 's oceans and soils), recent research has shown that lakes serve as 

important sources and sinks of carbon wi th in the global carbon budget (20). Lakes also can 

serve as sentinels of change because they integrate environmental signals f rom their 

surrounding watersheds (76). In this way the deter iorat ing health of a local lake can serve as a 

first indicator that a watershed is also stressed, though no other noticeable "symptoms" are 

observed. 

Lakes are compell ing model systems for communi ty ecology because they have clear 

boundaries. Although there is an important influence of the surrounding terrestrial landscape 

on lakes (and a whole body of l i terature devoted to sort ing outside-lake (allochthonous) with 

inside-lake (autochthonous) influences (e.g. (55)), clear borders between the land and water 

allow for bounded whole-lake manipulations. Indeed, the North Temperate Lakes Long Term 

Ecological Research program has a history of conduct ing whole-lake manipulations to address 

large-scale problems in l imnology (48). 

Temperate lakes are the most well-studied lake ecosystems (73). Temperate climates 

are known for pronounced seasons of autumn, w in ter , spring, and summer. During the winter 

months, temperate lakes may experiences varying periods of ice-cover. These seasonal changes 

in the physics and chemistry of temperate lakes are important for interpreting the ecology of 

lake microbes. 
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(b) The community: pianktonic freshwater bacteria 

Freshwater bacterial communit ies are diverse and dynamic. They play essential roles in 

lake ecosystems by mediat ing carbon transformations (for instance, the methane to carbon 

dioxide conversion by methanotrophic bacteria, e.g. (16)) and executing other biogeochemical 

cycles that other organisms cannot perform (for instance, sulfate reduction, (8)). They are 

represented by Bacteria species across the known phylogentic tree (52). They change quickly, 

often fol lowing a seasonal trajectory over the open water months of spring, summer, and 

autumn periods (17, 40, 51, 64, 65). Pianktonic bacteria have complex interactions w i th other 

trophic levels (mainly phytoplankton, zooplankton, and viruses), making up the so-called 

"microbial loop" of f reshwater bodies (e.g. (5, 39, 56, 72)). 

Much of the current knowledge of freshwater bacterial diversity and dynamics is recent 

because the advent of molecular tools has al lowed researchers to open a Pandora's box of 

previously unknown (unculturable) lake microorganisms. Even though we now recognize that 

lake bacterial communit ies are diverse and dynamic, we still have a very l imited v iew of the 

functions of many of those bacterial populations. For instance, it is unknown what role the 

cosmopolitan Actinobacteria play in the lake ecosystem (52). Yet, it is usually one of the most 

dominant phyla represented in any surface water observation. If anything, the amount of 

molecular data about lake bacterial communit ies has humbled researchers to realize what little 

they know about the complexity of the bacterial communit ies and their ecosystem. In this way, 

lake bacterial communit ies serve as an example of a microbial system that has massive 

amounts of genetic in format ion but relatively l i tt le context for that information. Because of 

this, many researchers have been conducting small-scale experiments of isotope-labeled 
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compounds to determine, for instance, which organisms consume the most carbon, or best 

take up certain forms of phosphorus (1). As this research matures towards a model for 

microbial loop interactions linked wi th function, it is promising that the bacterial communities 

do not seem to be changing randomly in temperate system, but closely fol low seasonal cues 

(51, 65). 

As previously ment ioned, freshwater bacterial communit ies are quite dynamic. One of 

the goals of the North Temperate Lakes Microbial Observatory is to understand the temporal 

drivers of lake bacterial communit ies. It is thought that there are a number of drivers that act 

hierarchically (40). Seasonality is a large driver, because as the temperature changes through 

the ice-free period, it is of ten the most correlated measured environmental factor to 

community variation, not only in temperate lake systems, but also in high alt i tude lakes (51), 

temperate streams (17), large polar streams (18), and temperate oceans (24). These 

temperature changes of ten co-vary seasonally w i th resource availability (73). Another driver of 

freshwater bacterial communit ies in t ime is predation by viruses and by zooplankton (e.g. (36)). 

Yet another temporal driver is food-web interactions w i th phytoplankton communit ies (40), 

which compete for l imited light and nutrients w i th photosynthetic bacteria and simultaneously 

provide substrates f rom heterotrophic bacteria (10). 

Finally, physical water movement wi thin lakes, such as waves, eddies, and other 

currents, is considered to be a driver of plankton dynamics and distribution (e.g.(46, 47)). Lake 

mixing is a temporal driver of bacterial communit ies that falls within this category of physical 

water movement. 
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(c) The disturbance: water column mixing 

Lakes are often thermal ly stratif ied, wi th colder water at the bottom of the lake (called the 

hypolimnion) and warmer water at the surface (epil imnion). Lake mixing is the disruption of the 

thermal stratif ication, which creates a homogeneous temperature regime throughout the water 

column. Though we define lake mixing as a thermal event, it is important to note that lakes are 

stratif ied in other envi ronmental conditions relevant for microbial processes. Solar radiation 

stimulates photosynthesis in the epil imnion by bacteria and phytoplankton and plants, but light 

availability often decreases w i th depth. Nutrients are of ten more limited in the epi l imnion 

because of primary product ion, the making of organic compounds from carbon dioxide via 

photosynthesis. Also, dissolved oxygen is often higher in the epilimnion as a by-product of 

photosynthesis, but also because of atmospheric exchange and water movement (waves, etc.) 

that increase oxygen in the surface waters. Dissolved oxygen and other respiration substrates 

can also stratify f rom most energetically favorable in the epil imnion to least energetically 

favorable (and also fermenta t ion substrates) in the hypolimnion. When lakes mix, these 

gradients important to microbes are also disrupted (with the exception of light). 

Lake mixing is a periodic phenomenon in many lakes, and because of this, lakes are of ten 

classified by how of ten they mix wi th in annual or seasonal period. Lakes that mix mult iple times 

wi th in a year are called polymictic, lakes that mix twice are dimictic, and lakes that never mix 

are meromictic. The mixing regime of a lake depends on the morphometry of its basin, how 

sheltered it is f rom wind and weather events, and the seasonal cycles and climate of the region. 

Polymictic lakes are typically shallow and have a large fetch (widest length of the lake), causing 

them to be sensitive to w ind and weather events. In contrast, meromictic lakes are typically 
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very deep and have a small surface area and fetch, causing stability. All three of these mixing 

regimes are found in temperate lakes in Wisconsin, but the most common are dimictic lakes. 

Dimictic lakes mix seasonally in the autumn and spring. For example, prior to fall mixing the air 

temperature gradually cools, which causes heat to be lost f rom the surface water. Eventually 

the surface water temperature matches that of the bot tom, and in the absence of a density 

gradient, the waters f rom the surface and bot tom require very little external energy (for 

instance, a light wind event) to overturn and mix. In large lakes, the mixing period can persist 

for weeks to months, whi le in small lakes, mixing can last only a few hours before ice forms on 

the surface waters, causing inverse stratif ication that remains through the winter. 

Lake mixing does not have to involve complete overturn of the water column. Wind events 

can cause partial deepening of the epil imnion, or entra inment events in which hypol imnion 

water is "burped" into the epi l imnion during a period of normal stratification. Therefore, lake 

mixing can vary in intensity. In physical l imnology, stability parameters are metrics describing 

the amount of work required to force the lake to turn over, given the current thermal or 

density conditions (34). These stability parameters can be used as proxies for the strength of 

thermal stratif ication, where low values can indicate that the lake is unstable and therefore is 

mixing or has recently mixed. 

Lake mixing can occur episodically, especially in cases of weather-driven mixing events. For 

instance, typhoons, hurricanes, and other storms can all cause lake mixing at unpredictable 

t imes. Lake systems that experience both episodic and seasonal mixing events can serve as 

natural experiments for separating the effects of temperature and other seasonally variable 

environmental conditions on the bacterial communi ty responses to mixing. 
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Segue 

Microbial ecology is a f ield revitalized by a molecular revolution in tools for 

understanding microbial diversity and dynamics at resolutions that could not previously be 

achieved. Because of this revolut ion, it has become possible to integrate ecology f rom the 

micro- to the macro- scale, and to utilize microbial systems to address questions that are 

diff icult in larger systems, such as those relevant to the theoretical framework disturbance 

ecology. The selection for communit ies adapted to disturbance regimes and the intermediate 

disturbance hypothesis are t w o implications of disturbance that have begun to be explored in 

microbial systems. Still, experimental evidence is needed to solidify disturbance f ramework for 

microbial and large-scale communit ies. For my dissertation research, I introduce lake bacterial 

communit ies and lake mixing as a microbial experimental ecosystem for disturbance ecology. 

The fol lowing chapters present my observational work to define the experimental lake-

microbes-mixing system, and my subsequent experiments to address questions in disturbance 

ecology. 
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Chapter Two 

Preamble 
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My dissertation research wi th the North Temperate Lakes Microbial Observatory began 

wi th two observational studies (3, 4) that sparked hypotheses about lake mixing as a driver of 

microbial communit ies. The first study was a six-year t ime series of Lake Mendota, a eutrophic 

lake in southern Wisconsin. We found that the bacterial communit ies in the lake were 

reoccurring annually, and hypothesized that lake mixing may serve as a resetting event for the 

observed seasonal trajectories. The second study compared seasonal dynamics of bacterial 

communit ies that live in the epi l imnion and hypolimnion of three bog lakes of dif ferent mixing 

regimes (dimictic, polymictic, meromict ic). These two studies are presented in Chapters 3 and 

4, respectively. 

Collaboration wi th my coworker Stuart Jones and Taiwanese colleagues through the 

Global Lakes Ecological Research Network next led my research to explore those hypotheses in 

Yuan Yang Lake, Taiwan, a unique ecosystem in Taiwan that presented a natural disturbance 

experiment when episodic typhoons forced water column mixing. Jones et al. (1) showed that 

bacterial communit ies after typhoon mixing reset to a predictable post-typhoon composition, 

and also fo l lowed a repeatable trajectory after each typhoon and across two years. In a fol low-

up study (2), I found a significant relationship between the thermal stabil ity of Yuan Yang Lake 

(a proxy for mixing), and the divergence between the epil imnion and hypol imnion communities 

across three typhoon seasons and one win ter season of transient periods of stability and 

mixing. This work is presented in Chapter 5. 

Mov ing forward f rom the natural experiments, I wanted to conduct controlled 

manipulations of mixing in a lake that was not accustomed to typhoons or episodic mixing. Two 

mixing experiments, one control led in in situ ~5,000 L mesocosms and the other a whole-lake 
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mixing manipulat ion, are presented in Chapters 6, 7, and 8. The mesocosm experiment (known 

in-house as the "L-pods") demonstrated that oxygen amendment to the hypolimnion and 

nutr ient amendment to the epi l imnion were dominant drivers of those bacterial communit ies 

fo l lowing mixing, and showed that the bacterial communities wi th in each thermal layer were 

not resistant but were surprisingly resilient to mixing disturbance, suggesting community 

stabil ity. The whole lake mixing manipulat ion then corroborated these results on a larger scale, 

where bacterial communit ies challenged wi th an extreme, novel disturbance were also 

resilient. 

Finally, Chapter 9 presents perspectives of my research in the framework of microbial 

resilience. 
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Abstract 

We investigated patterns of intra- and inter-annual change in pelagic bacterial 

communi ty composit ion (BCC, assessed using automated ribosomal intergenic spacer analysis) 

over six years in eutrophic Lake Mendota, Wisconsin. A regular phenology was repeated across 

years, implying that freshwater bacterial communit ies are more predictable in their dynamics 

than previously thought. Seasonal events such as water column mixing and trends in water 

temperature were most strongly related to BCC variation. Communities became progressively 

less similar across years between the months of May and September, when the lake was 

thermal ly stratif ied. Dissolved oxygen and nitrate+nitr i te concentrations were highly correlated 

to BCC change wi th in and across seasons. The relationship between BCC and seasonal drivers 

suggest that trajectories of communi ty change observed over long t ime series will reflect large-

scale cl imate variation. 
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Introduction 

Bacteria underpin ecosystem funct ion in freshwater lakes by mediat ing most 

biogeochemical cycling (7). However, surprisingly little is known of what drives bacterial 

communi ty composit ion (BCC) and diversity in lakes. Consequently, we lack information that 

may improve our ability to predict rates of biogeochemical transformation in lakes, and the 

responses of f reshwater ecosystems to environmental changes that alter BCC. 

Cult ivat ion-independent molecular techniques have enabled recent investigation of 

freshwater bacterial species distr ibut ion across space and t ime. Such studies have been 

conducted at several dif ferent spatial distr ibutions: vertical (31) and horizontal (38) wi thin a 

lake, among lakes wi th in a region (37), among lakes of the same trophic status (23) and of 

dif ferent t rophic status (22, 36), and across continents (24). Many short- term temporal studies 

have documented seasonal BCC variation wi th in a lake or between lakes (9, 18, 23). Hullar and 

coworkers described inter-annual seasonal patterns in benthic BCC over four years in a stream, 

and related these patterns to temperature and dissolved organic carbon (17). Crump and 

Hobbie observed synchronous communi ty dynamics over 2.5 years in two temperate rivers (8). 

Broadly-defined phylogenetic groups (e.g., Betaproteobacteria) have been shown to reoccur 

across seasons and years (29), and it was recently shown by Wu and Hahn that a 

Polynucleobacter-assodated populat ion reoccurs interannually across seasons (35). 

Despite recent major advances in our ability to investigate the forces influencing freshwater 

BCC and diversity, few attempts have been made to conduct studies over mult iple years at high 

temporal resolut ion (e.g., biweekly). As is the case for macro-scale organisms and their 

ecosystems, patterns in microbial diversity and dynamics are the result of an interplay of forces 
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acting at diverse scales of space, t ime, and biological complexity (20). Long-term monitoring 

and extensive sampling efforts at appropriate scales are often required to reveal such patterns 

(26). The purpose of our study was to examine bacterial community dynamics over annual 

cycles, and to relate these dynamics to chemical or physical forces that may influence 

freshwater microbial communities. This study also generated a long-term BCC data set that 

could in the future be used to build predictive models of bacterial communi ty assembly and 

change. 

Materials and methods 

Lake characteristics 

Lake Mendota, Madison, Wl, (N 43°06, W 89°24) is one of the most well-studied lakes in the 

world, and is a Long Term Ecological Research site affil iated wi th the Center for Limnology at 

the University of Wisconsin (5). It is dimictic and eutrophic with an average depth of 12.8 m, 

maximum depth of 25.3 m, and total surface area of 39.38 km2. It typically mixes in March-

April, and again in October-November, but remains thermally stratif ied throughout the summer 

and winter months. Ice-on averages 119 days in winter, though this number appears to be 

gradually decreasing as a result of climate change (25). 

Sample collection 

Lake water was collected over the deepest part of the pelagic zone (~24 m) every two 

weeks during the open water phase, as described originally (36) but wi th minor modifications 

(37). Bacteria were recovered by f i l t rat ion on 0.2 um polyethersulfone fi lters (Pall-Supor-200, 
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Gelman), w i thou t pre-f i l trat ion. Filters were frozen at -80 °C and stored prior to DNA extraction. 

Physical and environmental parameters of Lake Mendota were measured by the North 

Temperate Lakes Long Term Ecological Research (NTL-LTER) site at the UW-Madison Center for 

Limnology every t w o weeks. These parameters are available through the NTL-LTER website at 

ht tp: / /www.l imnology.wisc.edu. 

Sample processing 

Total communi ty deoxynucleic acid (DNA) was extracted from filters using the QBiogene 

B io lO l FastDNA kit, using manufacturer's instruction with modification as described previously 

(36, 37). Intergenic spacer regions between the 16S and 23S ribosomal ribonucleic acid (rRNA) 

genes were then ampli f ied f rom the communi ty DNA using primers 1406F (5'-

TGYACACACCGCCCGT-3', universal 16S rRNA gene, 6-FAM labeled), and 23Sr (5'-

GGGTTBCCCCATTCRG-3', bacterial-specific 23S rRNA gene) (36). Polymerase chain reaction 

(PCR) was conducted on an Eppendorf Mastercycler gradient thermocycler (Eppendorf 

Scientific, Inc.) and conditions were as fol lows: 2 min initial denaturation at 949 C, 30 cycles of 

35 s denaturat ion at 949 C, 45 s annealing at 559 C, and 2 min elongation at 72^ C, and a final 

extension for 2 min at 72^ C. One microl i ter of extracted DNA was used as a template for PCR. 

Bacterial community fingerprinting 

We examined BCC using automated ribosomal intergenic spacer analysis (ARISA), wi th 

minor modif ications (36, 37). Briefly, ARISA exploits the length variation in the intergenic spacer 

region to create a bacterial communi ty profi le in which different populations are represented 

http://www.limnology.wisc.edu
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by amplif ied DNA fragments of di f ferent lengths. Ampli f ied DNA was diluted 1:1 wi th sterile 

ddH20, and 1 uL of this dilution was added to 10 uL formamide and 0.4 uL of fluorescently-

labeled custom internal size standard (range: 100 bp to 2000 bp at 50 bp intervals 

(Bioventures)). Denaturing capillary electrophoresis was carried out on the amplif ied 

community DNA using an ABI 3700 Genetic Analyzer at the University of Wisconsin-Madison 

Biotechnology Center. Profiles were analyzed using GeneScan 3.1.2 and aligned wi th Genotyper 

2.5 (PE Applied Biosystems). To account for minor run-to-run variations in fragment length 

associated wi th the limits of instrument resolution, peaks were grouped together to form 

operational taxonomic units (OTUs) based on the profi le alignments. The signal strength (i.e., 

peak area) of each individual peak was normalized by dividing that peak area by the entire 

summed profi le fluorescence (area), expressing each peak as a relative proport ion of the 

observed communi ty (37). Although PCR-based techniques are not generally considered to be 

quantitative due to differential amplif ication of taxa (33), we used normalized peak area as a 

proxy for relative abundance because presence-absence data transformations are known to 

significantly distort such community datasets (37). Furthermore, normalized ARISA peak area 

was previously found to relate well to quant i tat ive relative abundance determined using f low 

cytometry in other aquatic environments (4). When replicates were available (approximately 

50% of all samples), normalized fluorescence values were averaged across samples prior to 

further analyzes. The fluorescence threshold for inclusion in the dataset was set at 50 

fluorescent units (peak height) above a baseline determined by signal to noise criteria. 

Multivariate analysis to detect patterns in BCC 
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Correspondence analysis (CA) was conducted to search for patterns in BCC change over 

time, using sample-OTU matrices and the Canoco for Windows software package version 4.5.1 

(30). Inter-sample distances were calculated using biplot scaling, and rare OTUs were down-

weighted during analysis by the Canoco program. Briefly, this transformation reduces the 

abundances of species in proport ion to their frequencies, where the most common species has 

a frequency of A, and species less common than A/5 are downweighted (16). 

Samples plot ted in each ordination were classified by various parameters of interest, 

including mixing status, season, and year, and month. When applicable, Bonferroni-corrections 

were made when test ing for significant differences between multiple comparisons. Lake mixing 

status was determined using temperature and oxygen depth profiles f rom the NTL-LTER 

database (ht tp: / /www.l imnology.wisc.6du). The bot tom of the epil imnion was defined to be 

the point at which water temperature decreased by more than approximately 3 degrees Celsius 

over 2 m or less. Under such conditions, the lake was considered to be stratif ied. When the 

water column temperature profile was homogeneous wi th depth (less than 3 degrees Celsius 

difference across the water column), the lake was considered fully mixed. Season at the t ime of 

sample collection was also defined by mixing status: when the lake mixed after winter 

stratif ication, these sampling times were designated "spring," and when the lake mixed after 

summer stratif ication, these sampling t imes were designated "fall." 

Similarity matrices were created f rom pairwise comparisons of area-normalized ARISA 

profiles, using the Bray-Curtis coefficient (Si7 = 1 - Dw of (19)). Analysis of similarity (ANOSIM) 

was then used to test the hypothesis that communit ies within annual or seasonal groups were 

more similar to each other than to communit ies classified as a different group (6). The same 



classifications that were used for CA (mixing status, season, month, year) were used to define 

groups of samples for ANOSIM. ANOSIM generates a test statistic (/?) to indicate the degree of 

separation between groups, wi th a score of 1 indicating complete separation and 0 indicating 

no separation. 

Results 

Annual bacterial community richness and compositional variability 

BCC was assessed in eighty-three sample dates using ARISA. Over the six-year dataset, a 

total of 218 OTUs were observed, w i th an average of 63 taxa per sample (Fig. 3.1A). No trends 

were apparent in annual richness across years, though mean richness per sample in 2002, 2003, 

and 2004 was significantly higher than in 2000, 2001, and 2005. The extent of compositional 

variation wi th in each year was calculated using mean centroid distance derived f rom a 

correspondence analysis (19). A lower mean centroid distance represents less dispersion within 

the cluster. The inter-annual mean centroid distance for Lake Mendota BCC was 0.54, while the 

intra-annual distances were as follows: 0.58(2001) < 0.61(2000) < 0.73(2005) < 0.74(2004) < 

0.76(2002) <0.80(2003). 

Differences in communi ty richness were fur ther investigated in mixed versus stratified 

samples. Bacterial communit ies sampled during spring mixing were generally less rich than 

those sampled during fall mixing or stratif ication (Fig. 3.IB). To determine whether specific 

OTUs were unique to a season, we cross-compared the community composition of each season. 

More than half of the OTUs were observed during all three seasons, though around 10% were 



38 

unique to the summer strat i f ied condition (Fig. 3.2). Fall and summer shared more common 

OTUs wi th each other than either shared wi th the spring. 

Seasonal patterns in BCC 

Patterns in Lake Mendota bacterial communi ty dynamics were identified using mult ivariate 

statistics. CA was per formed to ordinate samples based on BCC so that seasonal patterns over 

t ime could be described, and to identify potential environmental drivers of change (Fig. 3.3). 

We found the same patterns in CA ordinations whether presence-absence or relative 

fluorescence values were used in the analysis (data not shown). Relative abundance data were 

used in all presented analyses unless otherwise noted. The potential advantages of using 

relative fluorescence instead of presence-absence data for these kinds of analyses are further 

discussed elsewhere (37). 

Samples classified by year revealed only a weak distinction between years (Fig. 3.3A; 

ANOSIM R = 0.222, p < 0.001). However, bacterial communit ies sampled wi th in a particular 

month were similar among all years (Fig. 3.3B; ANOSIM R = 0.464, p < 0.001). The CA plot 

illustrates a predictable inter-annual seasonal pattern in BCC. Environmental variables most 

strongly correlated w i th the first CA axis included oxygen, temperature, and nitrate+nitr i te 

(0.82, -0.76, and 0.78, respectively). 

Since monthly groups are not ecologically relevant beyond their use to represent a seasonal 

t ime scale, we instead grouped samples by mixing status, which could be a stronger predictor 

of bacterial communi ty dynamics. However, the ANOSIM R statistic {R=0.228, p<0.001) 

indicated minimal separation between mixed and stratif ied samples. 
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Because mixing status was not a strong predictor of BCC, we investigated whether both 

mixing and seasonality were related to communi ty structure. To determine if bacterial 

communit ies present during spring-mixed condit ions could be distinguished f rom those present 

during fall-mixed condit ions, a CA biplot was constructed wi thout the samples f rom stratified 

conditions (Fig. 3.4). The strong separation of spring and fall mixed samples was supported by a 

high ANOSIM /? value of 0.528 (p < 0.001). High oxygen, nitrate+nitr i te, and chlorophyll values 

were correlated wi th the axes that distinguished spring mixed communities while total Kjeldahl 

nitrogen and temperature were correlated w i th the axes that distinguished fall mixed 

communities. 

To fur ther explore bacterial community phenology during the summer months (Fig. 3.3B) 

we searched for patterns in BCC among summer strati f ied samples alone. A CA biplot of 

summer stratif ied samples showed a clear trajectory of BCC change between May and 

September (Fig. 3.5), w i th increasing inter-annual variabil i ty later in the summer and fall. May 

and June BCC were less dispersed and more consistent across years than those communit ies 

that occurred during the late summer and fall months. Wi th the exception of July, each 

subsequent month had a less predictable (more dispersed) bacterial community than the 

previous. However, despite the higher variability around the mean centroid, the late 

communit ies continued to fol low the directional trajectory. This indicates a general increase in 

inter-annual differences wi th increasing t ime f rom spring mixis to fall mixis. 

Discussion 
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It should be noted that our analysis of BCC was based on a proxy for relative abundance of 

individual populations tha t was derived f rom PCR-amplified community fingerprints. This type 

of approach suffers f rom a number of methodological l imitations that preclude accurate 

quantitative interpretat ion of BCC (33). However, ARISA profiles based on proport ional 

fluorescence have recently been used to successfully describe BCC over t ime and space in a 

variety of aquatic habitats (12, 27, 37). The high-throughput nature of the technique makes it a 

valuable tool despite its established limitations (10). Furthermore, it is encouraging that a 

recent comparison of ARISA peaks and quantitat ive data based on direct cell counts showed 

that quantif ication of certain abundant taxa by ARISA was more accurate than may be expected 

(4). 

Lake seasonal dynamics and bacterial community phenology 

Predictable, inter-annual patterns of BCC change were observed in Lake Mendota. These 

data show that bacterial communit ies occurring at similar seasonal t ime points but across years 

are more similar to each other than to bacterial communit ies observed at dif ferent t ime points 

wi thin a year (Figs. 3.3 and 3.5). Early summer-strat i f ied communities were consistent across 

years, but became less so in late summer. These phenological trends were repeated across our 

six-year study. 

The mechanisms responsible for the observed pattern of decreasing inter-annual similarity 

through the summer months could include inter-annual differences in climatic forcing, annual 

extinction and/or immigrat ion, or human activities on and around the lake. Further long-term 
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observation and ult imately experimentat ion are required to determine which of these (or other 

yet unidentif ied factors) cause such inter-annual variation. 

Lake mixing regime as an indicator of BCC 

Lake trophic status (22, 36, 38), pH (24, 26), and hydrology (37) are three important 

determinants of freshwater pelagic BCC. We propose that lake mixing regime is an additional 

important control on BCC, both over t ime and across lakes, as originally suggested by Yannarell 

et al. (36). With in the constraints imposed by eutrophic conditions, dimictic lakes can be 

expected to select for bacterial communit ies capable of surviving transitions between high and 

low temperature, nutr ient and oxygen availability, and light penetration, such as those 

transitions that occur during seasonal mixis. Bacterial communit ies from polymictic or 

meromict ic lakes are not necessarily expected to have the same predictable composit ion and 

dynamics, regardless of t rophic status. This question should be examined further by searching 

for phenological patterns in BCC across lakes of di f ferent and similar mixing regime. 

A general seasonal pat tern of BCC dynamics was observed in two dimictic lakes, but not in a 

polymictic lake, during a previous two-year study that included Lake Mendota (36). However, 

the patterns observed were less pronounced than in our study, likely because BCC data were 

analyzed using a presence/absence transformation instead of normalized fluorescence, and 

also because it included a much shorter sampling period ( two years rather than six). 

Proximate drivers of BCC 
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Our results consistently highlight the importance of three environmental variables 

(dissolved oxygen, ni trate+nitr i te, and water temperature) for distinguishing Lake Mendota 

bacterial communities. High oxygen and nitrate+nitr i te concentrations were most correlated to 

spring-mixed and early summer-strat i f ied communit ies. Prior to spring mixing in Lake Mendota, 

nitrate+nitr i te levels are typically at maximum, while compet i t ion between bacteria and 

phototrophic phytoplankton are at a minimum (3). As mixing occurs, ammonia is released f rom 

the sediments and transported into the upper water column, stimulating growth. Competi t ion 

between phytoplankton and bacteria for nitrogen and electron acceptors (oxygen and 

nitrate+nitr i te) likely plays a role in controll ing bacterial community phenology during late 

spring, though further studies are required to determine if such biotic interactions affect BCC 

and/or overall bacterial abundance. A closer examination of bacterial populations and their 

specific interaction wi th the nitrogen cycle in lakes should be conducted to better understand 

this potential driver of BCC. 

Temperature had the strongest relationship to BCC, as it was most highly correlated wi th 

the first axis in all ordinations. Our findings agree wi th mult iple studies that have demonstrated 

the influence of temperature or seasonal changes on bacterial respiration, production, and 

communi ty composit ion (8, 18). These observations combined wi th the link between water 

temperature and water column stability suggests that thermal structure is a primary control on 

BCC. 

Only a few samples in our dataset were collected during winter stratification. The win ter 

freezing of Mendota, and subsequent snow coverage, prevents light from penetrating to the 

water column and limits pr imary production (3). Results f rom this study suggest that the 
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freezing and overwinter ing may act as a bottleneck to bacterial community richness. The 

resulting "ou tpu t " spring communit ies after ice-off were less rich and distinct in composit ion 

f rom the " input" of the fall communit ies. While studying Lake Baikal, Goldman and colleagues 

(15) observed a correlation between t iming of ice-off and subsequent lake stratif ication, and 

related these hydrodynamic properties to biological product ivi ty and nutrient f low. Similarly in 

Lake Mendota, ice cover could play a role in resetting BCC, resulting in the spring bacterial 

communit ies observed each year. Though we have found no direct correlation between ice-off 

t ime and Lake Mendota BCC, we plan to explore this and the roles of other seasonal factors in 

fu ture analyses. 

Mul t ip le studies have documented correlated phytoplankton and bacterial community 

dynamics, particularly at weekly or more frequent t ime scales (18, 27, 34). In our dataset, no 

relationship was found between phytoplankton communi ty composit ion and BCC at the bi-

weekly t ime scale (data not shown). A more temporal ly resolved dataset may be necessary to 

reveal links between phytoplankton species and BCC in Lake Mendota. 

Aquatic bacterial phenologies reflecting regional or global scale change 

The observed Lake Mendota bacterial communi ty phenology could be used as a model for 

bacterial community dynamics in eutrophic lakes. Trophic status is known to be a strong 

predictor of pelagic BCC (13, 22, 36). Lake Mendota is of ten referred to as a primary example of 

anthropogenic-induced eutrophicat ion caused by regional land-use change, an ongoing process 

that has been documented since 1889 (3). To develop predictive models that reflect the 
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influence of trophic status on bacterial community dynamics, the phenology presented here 

should be compared wi th those of other lakes in differing stages of eutrophication. 

Future models could also help predict the implications of BCC shifts over t ime for larger-

scale lake processes, such as food web dynamics. Little is understood about the long-term 

interplay between "macro"-scale and micro-scale aquatic communities. For example, 

predictions could be made about the potential effect of BCC regime shifts on macrophyte or 

fish populations as more long-term studies of BCC and dynamics become available and are 

linked to other datasets. 

Analyses of long-term datasets have revealed evidence for links between large-scale 

weather events such as El Nino or long-term change in these events, and altered patterns of 

aquatic community dynamics among zooplankton (11, 21, 32), phytoplankton (21, 32), and 

bacterioplankton (21). Climate change appears to be altering average lake temperatures, as 

wel l as intra- and inter-annual variat ion in water temperature and duration of ice cover (2, 21, 

25). In Lake Mendota and other southern Wisconsin lakes, ice-off dates are known to vary w i th 

El Nino events (1) and are occurring increasingly earlier, presumably because of global warming 

(25). Interestingly, two El Nino events occurred during our sampling period, one strong event 

over 2002-2003, and a weak event in 2004. Speculatively, these events may be linked to 

increases in BCC richness over those years. The observations of Magnuson (25), taken together 

w i th our six-year dataset, suggest that microbial communi ty dynamics will be influenced by 

long-term climatic trends. Several more years of sampling Lake Mendota BCC may reveal 

patterns created by such drivers. Notably, others have proposed that microbial communit ies 
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are good indicators of regional anthropogenic and global cl imate change in aquatic ecosystems 

(28 ) . 

The importance of hierarchical drivers on BCC 

This study contributes to an emerging conceptual f ramework that accounts for mult iple 

interact ing drivers structuring lake bacterial communit ies at d i f ferent scales of space and t ime 

(37). These drivers include both biotic and abiotic factors, as wel l as intrinsic and extrinsic 

forces. Abiotic components include geography, lake landscape position, hydrology (drainage or 

seepage lake classification), seasonal and weather events, t rophic status, mixing regime, and 

clarity (18, 27, 37). Biotic factors may include competi t ion and trophic interactions (18, 27), or 

the effect of vir ioplankton (14). These forces will vary in relative importance at dif ferent spatial 

and temporal scales. Some are secondary to others, but all may play a role in shaping the 

dynamics of the lake bacterial communi ty. In Lake Mendota, w i th in the previously established 

constraints of higher-level fi lters (for example, trophic status, landscape position, and pH), we 

have demonstrated that seasonal mixing and nitrogen availability are also important predictors 

of BCC. 

A predictable bacterial communi ty phenology in Lake Mendota was observed over six years. 

Seasonal factors such as water temperature and water column stability appear to be strong 

drivers of community change over monthly t ime scales, which may mask or fi lter other 

previously examined controls on BCC acting on daily to weekly t ime scales, such as food web 

interactions. 



Besides temperature and mixing status, the environmental variables best correlated wi th 

BCC dynamics included oxygen and nitrate+nitr i te in the spring-mixed and early summer-

stratif ied times. Despite the similar hydrodynamic state of the lake during spring and fall 

mixing, the spring and fall bacterial communit ies were distinct in composition. We observed 

less inter-annual similarity in BCC in the late summer than in early summer. BCC and dynamics 

seemed to "reset" after ice coverage. Long-term observations of microbial community 

dynamics are useful for detecting intra-annual phenologies, and may prove to be important for 

understanding and predicting ecosystem response to regional and global change. 
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Figure 3.1. Summary of bacterial OTU richness in Lake Mendota over the six-year study. This 

histogram depicts mean (scale left) and maximum (scale right) observed bacterial richness, as 

detected by ARISA. Samples were collected approximately every two weeks during the open 

water phase f rom 2000-2005, and then classified according to mixing status and season. Error 

bars are standard error calculations. Letters above the histogram bars represent which groups 

are distinguishable at Bonferroni-corrected alpha levels. (A) There are no noticeable trends 

between mean richness and year, though 2003 and 2004 communities were generally more rich 

than other years (alpha =0.025). (B) Spring communit ies were significantly less rich than fall or 

summer communit ies (alpha =0.05). 
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Figure 5.2. 

s u m m e r 

Figure 3.2. Total observed OTUs common to bacterial communities classified by season and 

mixing status. There were 218 total taxa observed f rom all samples over six years. 
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Figure 3.3. Correspondence analysis plots i l lustrating bacterial community phenology in Lake 

Mendota over six years. Each symbol represents a bacterial community f rom a different sample 

date, and the distance between any t w o symbols represents the similarity between two 

communit ies represented. Samples were grouped based on when they were collected, (A) by 

year, or (B) by month . No obvious pattern is apparent in (panel A). In contrast, (panel B) shows 

a distinct progressive pattern of communi ty change (or phenology) that is conserved across all 

six years. A suite of environmental parameters is included in (panel B) to observe their potential 

relationships to BCC dynamics. The length and direction of each arrow indicates the degree of 

correlation wi th the ordination axes. 



Figure 5.2. 

54 

< > f a l l 
O spring 

O 
;hlorophyl^> 

oxygen 

NO3NO2 0 ° tf 

total P ^ o r g a n i c ni t rogen 
D R P ^ I H 4 

temperature 

Axis I - 8 . 5 % var iance explained 2.0 

Figure 3.4. Seasonal patterns in Lake Mendota BCC over six years. This ordination was 

constructed using CA, and includes only communi t ies sampled while the lake was not stratified. 

The communit ies were classified by season. 
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trends. The numbers in parentheses represent the mean centroid distance, which quantifies 

dispersion wi th in a classification. A mean centroid distance closer to one indicates a highly 

disperse cluster, whi le a number closer to zero indicates a tighter cluster. 
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Chapter 4 

The influence of habitat heterogeneity on freshwater bacterial community composit ion and 

dynamics 

Published as: Shade, A., S.E.Jones, K.D. McMahon. The influence of habitat heterogeneity on 
bacterial communi ty composit ion and dynamics. 2008. Environmental Microbiology. 10:1057-
1067. 
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Abstract 

Mult iple forces structure natural microbial communit ies, but the relative roles and 

interactions of these drivers are poorly understood. Gradients of physical and chemical 

parameters can be especially influential. In tradit ional ecological theory, variability in 

environmental condit ions across space and t ime represents habitat heterogeneity, which may 

shape communit ies. Here we used aquatic microbial communities as a model to investigate the 

relationship between habitat heterogeneity and communi ty composition and dynamics. We 

defined spatial habitat heterogeneity as vertical temperature and dissolved oxygen (DO) 

gradients in the water column, and temporal habitat heterogeneity as variation throughout the 

open-water season in these environmental parameters. Seasonal lake mixing events contribute 

to temporal habitat heterogeneity by destroying and re-creating these gradients. Because of 

this, we selected three lakes along a range of annual mixing frequency (polymictic, dimictic, 

meromictic) for our study. We found that bacterial community composition (BCC) was distinct 

between the epi l imnion and hypolimnion wi th in strati f ied lakes, and also more variable within 

the epilimnia through t ime. We found stark differences in patterns of epil imnion and 

hypolimnion dynamics over t ime and across lakes, suggesting that specific drivers have distinct 

relative importance for each community. 
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Introduction 

Mult ip le interacting drivers structure natural microbial communities. In lake ecosystems 

specifically, it has been shown that biotic interactions (i.e. food-web or predator-prey 

dynamics) of ten play a significant role in shaping bacterial communit ies (17,18), as do lake 

geography, landscape position (46), t rophic status (45), pH and other abiotic water chemistry 

parameters (25, 28). However, aquatic microbial ecologists are yet a long way f rom developing 

a conceptual f ramework for communi ty assembly that accounts for the relative importance of, 

and interactions among, these potent ial ly hierarchical factors. This is partially due to the 

diff iculty in determining specific responses of the community to a single driver, as often the 

effects of separate drivers cannot be isolated f rom each other. Also challenging is the isolation 

or manipulat ion of a bacterial communi ty outside of its natural setting, or the experimental 

control of the community wi th in its environment. General theories that incorporate hierarchical 

forces are needed to explain bacterial communi ty assembly. 

Habitat heterogeneity is a measure of the number of niches available in an ecosystem. 

Because it accounts for mult iple factors influencing microbial communities, this traditional 

ecological concept is potential ly a useful f ramework for considering community structure (20, 

43). Habitat heterogeneity is thought to determine species diversity and composition in 

communit ies (8, 40). As an example, the niche diversification hypothesis (12) predicts that 

highest diversity will occur at maximum habitat heterogeneity because each species will 

specialize to a unique niche, minimizing competi t ion (26, 34, 44). Mult iple "dimensions" 

contr ibute to heterogeneity, such as habitat, food, and t ime dimensions (34). Schoener 

proposed that habitat dimensions (physical availability/use of space) play the largest role in 
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determining community structure. Likewise, temporal habitat heterogeneity and temporal scale 

of observation can contr ibute to communi ty patterns (i.e. (27); these studies often suggest an 

overlap of spatial and temporal heterogeneity, and an influence of history on community 

dynamics (i.e. (10, 32, 37)). 

Lakes that thermally stratify present an interesting system wi th which to investigate 

proximate physical and chemical drivers of aquatic bacterial communit ies in the ecological 

f ramework of habitat heterogeneity. There are demonstrably stark distinctions in physical and 

chemical conditions across thermal layers of stratified lakes (epilimnia and hypolimnia) and 

each layer is known to harbor d i f ferent bacterial communit ies (4, 35, 38, 41). During 

stratif ication, the cooler hypol imnion generally is nutrient-replete, thermally stable, and 

potential ly anoxic, while the warmer epi l imnion typically is characterized by a scarcity of 

available nutrients, relatively oxygen-rich conditions, the potential to be influenced by weather 

events, and exposure to higher solar radiation. Lake mixing quickly and drastically alters the 

chemical and physical conditions wi th in the water column (6, 22), and creates a largely 

homogeneous water column (except w i t h respect to light) until stratif ication is re-established. 

Lake mixing is an ul t imate driver of community change because it destroys vertical habitat 

heterogeneity in environmental parameters such as dissolved oxygen (DO) and temperature, 

which in turn affect the bacterial communi ty structure. Subsequent stratification of the water 

column then re-establishes these gradients. Because lake mixing is a phenomenon driven by 

seasonal changes, it is also coupled w i th temporal habitat heterogeneity. In this way, lake 

mixing provides a unique oppor tuni ty to explore bacterial communi ty response to two 

dimensions (spatial and temporal) of habitat heterogeneity. 



Our objectives were as follows: 1) to characterize environmental heterogeneity in the 

vertical water column over space and t ime, 2) to relate this heterogeneity to differences in 

bacterial communi ty composit ion (BCC) and dynamics (richness, composition, and variability) 

between thermal layers wi th in a lake and 3) to search for general cross-lake relationships 

between bacterial communi ty dynamics and environmental heterogeneity. To accomplish these 

objectives, we surveyed three humic lakes in Northern Wisconsin, USA, along a gradient of 

mixing frequencies: polymictic Crystal Bog (CB), dimict ic Trout Bog (TB), and meromictic Mary 

Lake (MA). These lakes were comparable in other environmental characteristics, such as surface 

area and pH (Table 4.1). We measured DO and temperature gradients across t ime and space 

(depth) in the water column as a proxy for habitat heterogeneity. We defined our experimental 

unit as a lake thermal layer (epil imnion or hypol imnion), and habitat heterogeneity as the 

distribution and abundance of habitats in the vertical water column of each layer. Weekly 

bacterial communi ty f ingerprints were used to observe high-resolution dynamics, because this 

temporal scale captures much of the variation in BCC in these systems (17, 29). Our results 

show that bacterial communi ty structure and dynamics in humic lakes are affected largely by 

proximate environmental drivers that play unique roles in each thermal layer. 

Table 4.1. Physical and chemical lake characteristics. 

CB TB MA 

Epilimnion mean temperature (°C) 20.1 19.4 19.0 

Hypol imnion mean temperature (°C) 16.0 6.6 5.5 

Temperature mean difference (°C) 4.0 12.7 13.5 

Epil imnion mean dissolved oxygen (mg/L) 6.8 6.6 7.6 

Hypol imnion mean dissolved oxygen (mg/L) 4.0 1.0 1.2 

Dissolved oxygen mean difference (mg/L) 2.9 5.6 6.4 



61 

PH 5.1 4.8 5.5-6.0 

Dissolved organic carbon (mg/L) 19.2 25.0 26.4 

Epil imnion total nitrogen (ug/L) 725 810 892 

Hypol imnion total nitrogen (ug/L) 566 1086 3086 

Epilimnion total phosphorus (ug/L) 28 38 30 

Hypolimnion total phosphorus (ug/L) 22 43 452 

Surface area (km2) 0.005 0.011 0.012 

Max imum depth (m) 2.5 7 21.5 

Materials and methods. 

Sample collection 

The BCC of three small northern Wisconsin lakes, Crystal Bog (CB, polymictic, maximum 

depth 2.5 m), Trout Bog (TB, dimictic, maximum depth 7 m), and Mary Lake (MA, meromictic, 

maximum depth 21.5 m), were sampled weekly during the open water period of 2005 (late May 

to early November). These lakes were chosen because of their shared dystrophy, acidity, similar 

surface area (range 0.6 -1 .2 ha), comparable physical/chemical characteristics, proximity to one 

another, and range of annual of mixing frequencies. Samples were collected over the deepest 

point of each lake. All lakes were sampled on the same day each week. 

Temperature and DO measurements were observed for every sample date using YSI 

model 58 dissolved oxygen meter (Yellow Springs, OH) calibrated at each sample date as per 

manufacturer 's instruction. TB and MA profiles were observed at every meter and CB profiles 

were observed at every half meter. Integrated water column samples were collected for each 

thermal layer. Thermal layer boundaries were determined based on temperature profiles. The 

top of the hypolimnion was determined to be where the temperature decreased by 1.5-2.0 



degrees C over 0.5 m or less. In polymictic CB, the epil imnion was consistently sampled at 0.0-

1.0 m, and the hypol imnion at 1.0- 2.0 m; these depths were based on thermal profiles of CB's 

weak stratif ication (rate of change of 0.5 °C m"1 or greater), as observed in instrumented buoy 

temperature profiles available f rom the Global Lakes Ecological Observatory Network database 

(GLEON, ht tp : / /www.gleon.org) . According to buoy data temperature profiles, CB mixed a 

minimum of nine t imes over the sampling season in 2005. 

Bacterial cells were immediately recovered f rom 100-250 mL of lake sample water by 

f i l trat ion onto a 0.2 um polyestersulfone fi l ter (Pall, New York, NY), and stored at -809C until 

further processing. 

Mean difference in DO and temperature for each layer was calculated by averaging the 

profile observations included in the layer of interest for each sample date, and then subtracting 

the average of the hypol imnion profile f rom the epil imnion. These differences were then 

averaged over the ent i re sampling period when a global mean was desired. 

Addit ional physical and chemical data for TB and CB were provided by the North 

Temperate Lakes Long Term Ecological Research (NTL-LTER) and the Center for Limnology at 

University of Wisconsin-Madison. 

Sample processing and bacterial community fingerprinting 

Total DNA was extracted f rom replicate f i l ters as previously described using the Bio 101 

FastDNA kit (QBiogene, Carlsbad, CA), as per manufacturers' instructions wi th published minor 

modifications (45, 46). The intergenic spacer region between the 16s and 23s rRNA genes was 

amplified f rom the tota l extracted DNA using 6-FAM labeled universal 1406F primer (5'-

http://www.gleon.org


TGYACACACCGCCCGT-3') and bacterial specific primer 23Sr (5'- GGGTTBCCCCATTCRG-3') (9, 

45). PCR conditions were as fol lows: 2 minute denaturation at 949C, 30 cycles of 35 second 

denaturat ion at 942C, 45 second annealing at 555C, 2 minute elongation at IT 1 , and a final 

extension for 2 minutes at 729C. PCR was conducted on an Mastercycler gradient thermocyler 

(Eppendorf, New York, New York), and 5 ng of extracted DNA was used as template. 

ARISA (automated ribosomal intergenic spacer analysis) was used to examine bacterial 

communi ty f ingerprints (9) w i th published minor modifications (45, 46). Denaturing capillary 

electrophoresis was conducted on the amplif ied DNA on a SpectruMedix RVL 9612 (State 

College, Pennsylvania). Profiles were analyzed and aligned using GenoSpectrum V 2.2.1 (State 

College, Pennsylvania). ARISA fragments were grouped into operational taxonomic units (OTUs) 

based on profile alignments. Normalized peak area was used as a proxy for relative abundance 

of each OTU in a profile (36, 46). Individual relative OTU peak areas f rom replicate samples 

were averaged prior to statistical analysis. 

Statistical analyses 

OTU persistence through t ime was represented as the proport ion of samples in which a 

particular OTU was present wi th in a lake layer. The "heatmap.2" function in the R software for 

statistical computing (13), was used to visualize this proport ion as a gradient grid. To reduce 

complexity in the dataset, we only included OTUs in this analysis if they were detected wi th a 

relative peak area of 0.025 or greater, and in at least five observations (i.e. in more than ~3% of 

samples). 

Correspondence analysis (CA) was conducted to search for patterns in BCC by lake and 
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layer using the CANOCO for Windows software package 4.5.1 (39). Relativized abundance 

matrices were used for these analyses, and biplot scaling was used to calculate inter-sample 

distances. Partial correspondence analysis (pCA) (wi th a covariable included) was also 

conducted. CorE values were reported for correlat ion of environmental variables to axis scores. 

To test for significant differences between sets of communities, analysis of similarity 

(ANOSIM, (7)) between classified communit ies was conducted using Bray-Curtis coefficient 

similarity matrices created f rom pairwise comparisons of normalized bacterial community 

f ingerprints (21). ANOSIM generates an R test statistic to indicate the degree of separation 

between groups, where an R value of 1 indicates complete separation and 0 indicates no 

separation. 

A permutated distance-based test for homogeneity of multivariate dispersion 

(PERMDISP2, (1) was used to compare the tempora l variability of communit ies collected from 

different thermal layers. PERMDISP2 is a mult ivar iate analog to Levene's test (23), which is 

essentially an analysis of variance on the absolute values of deviations of observations from 

their group mean. PERMDISP2 specifically tests for differences in the dispersion around a mean 

centroid in mult ivariate space. It uses any pairwise distance matrix to conduct principle 

coordinates analysis and measure spread around the mean centroid of groups of samples (i.e. 

communities), and tests the null hypothesis that there is no difference in dispersion between 

groups. Bray-Curtis dissimilarities calculated f rom relativized ARISA profiles were used for this 

analysis, and p-values reported are based on least-squares residual permutat ions around 

centroids. 

Mean centroid distance based on CA is a measure of variation in a cluster of points 
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around the center of a cloud; lower mean centroid distance is representative of less dispersion 

wi th in a classification cluster (21). Both epil imnion and hypol imnion layers were used to 

generate individual lake CAs, and sample scores f rom the first and second axes of these CAs 

( f rom Fig. 4.4) were used. All confidence intervals were computed as standard error. 

Mean square successive difference (42, 48) was used to test for a successional pattern in 

the bacterial communit ies through t ime. The null hypothesis in this test states that consecutive 

measurements have random variability, and the alternative hypothesis is that consecutive 

measurements are serially correlated. Axis 1 scores f rom individual lake-layer CAs were used in 

this test. 

Procrustean superimposit ion analysis is a symmetric permutation-based analysis we used 

to calculate an r correlation statistic of community concordance between and among lakes (14, 

31). The R software for statistical computing (13), and the PROTEST function in the vegan 

package (30) were used to conduct this analysis. Axis 1 and 2 scores from individual lake-layer 

CAs were used to determine whether groups (i.e. CB epi l imnion and MA epilimnion) were 

moving at the same pace. The resulting r correlation ranges f rom 0 to 1, where groups perfectly 

concordant in their dynamics receive a score of 1. One thousand permutations were used for 

each pair-wise analysis. 

Results 

Spatial and temporal environmental heterogeneity in the study system 

Temporal and spatial environmental heterogeneity in the water column were observed 

weekly using vertical DO and temperature profiles through the open-water period (Fig. 4.1). 

Average spatial differences wi th depth in epil imnion and hypol imnion DO (mg/L) and 



66 

temperature (°C) over the sampling period for each lake were greater in the stratified lakes 

than in polymict ic CB (Table 4.1). Taken together, these environmental data were used to 

characterize habitat heterogeneity through t ime and space in our study system. 

Comparison of within-lake BCC and dynamics 

We investigated whether there were significant differences in taxonomic richness 

between lakes of dif ferent mixing regimes, or between thermal layers wi th in one lake. We 

observed differences in both richness (defined as number of unique ARISA fragments) and BCC 

between the study lakes (Fig. 4.2A,B). A total of 399 operational taxonomic units (OTUs) were 

observed, across all three lakes. Both MA and TB were significantly richer than CB (Bonferroni-

corrected t- test, alpha=0.05, p<0.0001 for all). Meromictic MA had the most unique OTUs (as 

measured by ARISA fragment presence/absence observations), fol lowed by TB and CB. 

Polymictic CB had only one exclusive OTU. We also observed differences in richness between 

thermal layers w i th in and across lakes (Fig. 4.2C). MA and TB were similar in richness for the 

epil imnion and hypolimnion, wi th more observed OTUs than CB. To reveal patterns in OTU 

persistence through t ime, we calculated occurrences of each OTU per number of samples 

collected for each lake layer (Fig. 4.3). Each lake contained a distinct subset of persistent OTUs. 

MA epi l imnion and hypolimnion were least comparable in their overlap of persistent OTUs, 

while CB epi l imnion and hypolimnion were most comparable. 

Correspondence analysis (CA) and analysis of similarity (ANOSIM) indicated that 

epil imnion and hypol imnion BCC were distinct wi th in stratified lakes, but not within polymictic 

CB (Fig. 4.4, Table 4.2). Communities in the stratif ied lakes were strongly separated by thermal 



layer along axis 1 in the CA plots. To explore whether environmental drivers were linked to 

variation in our bacterial communit ies, we correlated DO, water temperature, and t ime to the 

axis scores of our CA ordinat ions (CANOCO CorE). As expected, mean DO concentration and 

water temperature were strongly correlated wi th axis 1 (Table 4.3), indicating an influence of 

these environmental gradients on the distinction between epil imnion and hypol imnion 

communities. In polymictic CB, t ime was most correlated wi th axis 1 (Table 4.3), indicating a 

stronger influence of season or community history than of DO or temperature. Time was 

correlated to the second axes of the MA and TB ordinations; these axes represented the most 

variation in the epi l imnion communit ies for these two lakes (Fig. 4.4). 

Table 4.2. Bacterial community comparisons by analysis of similarity (ANOSIM) and 
permutated analysis of multivariate dispersion (PERMDISP2). 

Comparison3 ANOSIM PERMDISP2 

CBE, CBH R = 0.19, p < 0.002 p < 0.156 

MAE, MAH R = 0.83, p < 0.001 p < 0.005 

TBE, TBH R = 0.82, p < 0.001 p <0.018 
a CBE = Crystal Bog epil imnion; 
CBH = Crystal Bog hypol imnion; 

MAE = Mary Lake epi l imnion; 
MAH = Mary Lake hypol imnion; 

TBH = Trout Bog epi l imnion; 
TBH = Trout Bog hypol imnion. 

Table 4.3. Correlations of dissolved oxygen, temperature, and time with the first and second 
axes of individual lake correspondence analyses. 

CB MA TB 

Dissolved oxygen (mg/L) Axis 1 -0.24 0.81 -0.79 
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Axis 2 0.00 -0.06 -0.17 

Temperature (°C) Axis 1 -0.39 0.73 -0.75 Temperature (°C) 

Axis 2 -0.31 -0.01 -0.40 

Time (day number) Axis 1 -0.68 0.01 0.05 Time (day number) 

Axis 2 0.32 -0.51 0.53 

To explore and compare the tempora l variability of bacterial communit ies in each lake 

layer, we used the permutated distance-based test for homogeneity of multivariate dispersion 

(PERMDISP2). While ANOSIM tests whether there is a distinction between groups, PERMDISP2 

specifically can attr ibute this distinction to a difference in dispersion around group centroids in 

mult idimensional space. Significant differences between two groups of community samples 

would suggest that BCC was more variable wi th in one of the groups. Pair-wise comparisons of 

the BCC in each lake layer resulted in significant differences in variability between stratified lake 

epilimnia and hypolimnia (Table 4.2). There were no significant differences in variability 

between any two epilimnia communit ies (data not shown), or between CB epilimnion and 

hypol imnion communit ies. Interestingly, the difference in variation between the meromictic 

(MA) thermal layers was the strongest among all within-lake comparisons. To corroborate the 

PERMDISP2 results, we used mean centroid analysis based upon CA axis scores. By this analysis, 

the CB epi l imnion and hypol imnion had comparable variation (0.26 ± 0.03 and 0.31± 0.15, 

respectively), but wi thin TB and MA, epi l imnia were more variable than hypolimnia (TB: 

0.28±0.02 epi vs. 0.18±0.02 hypo; MA: 0.19±0.02 epi vs. 0.14±0.01 hypo). 

Across-lake patterns of bacterial community dynamics and habitat heterogeneity 
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After observing differences in richness, composit ion, and variability of lake bacterial 

communities, we conducted a partial correspondence analysis (pCA) to search for more general 

patterns across all lakes and thermal layers. Because it is known that dif ferent lakes harbor 

dif ferent bacterial communit ies (47) we used pCA to block for the variation explained by inter-

lake differences by incorporat ing lake as a covariable. The resulting variation was what 

remained after accounting for inter-lake differences. In the pCA ordination, bacterial 

communit ies f rom epil imnia and hypolimnia separated along axis 1 (Fig. 4.5). Axis 1 scores were 

correlated wi th DO and temperature (r =-0.55 and -0.54, respectively). Time was also correlated 

wi th axis 1, but to a lesser extent (r=-0.33). 

To examine tempora l community dynamics, we used CA and a mean squared successive 

differences test (MSSD) to observe a significant t rajectory of change in the epi l imnion 

communit ies of MA and TB (MSSD p<0.0025, for both). This pattern was also observed in both 

layers of polymictic CB (MSSD p<0.0025). No pattern was detected in the hypol imnion 

communit ies of the stratif ied lakes in the CA ordinations, but the TB hypolimnion demonstrated 

a moderately significant succession (MSSD p<0.05), whi le the MA hypolimnion had no 

significant succession. 

Differences in variat ion across lake layers indicated that either potentially separate 

drivers were acting on each lake layer, or that each communi ty responded to the same driver 

differentially. Communit ies that change at a comparable pace through t ime can also be 

indicative of a common driver (19). We conducted Procrustean superimposition analysis to 

determine if the epi l imnion successions occurred at the same pace, thus signifying the potential 

of a common extrinsic driver. MA and CB epil imnia, as wel l as MA and TB epilimnia were 



70 

concordant (r= 0.609 and 0.763, p<0.001 respectively); TB and CB epilimnia were not 

concordant (r= 0.422, p<0.067). Polymictic CB hypolimnion communit ies were also concordant 

w i th MA and TB epilimnia (r = 0.842 and 0.654, p<0.001 respectively). No significant 

concordance was detected between epil imnion and hypolimnion wi th in or across the two 

strati f ied lakes, MA and TB. However, CB epil imnion and hypol imnion were concordant 

(r=0.619, p<0.001). 

Discussion 

Lakes provide an interesting study system wi th which to examine the influence of habitat 

heterogeneity on microbial communi ty assembly because of lake mixing and stratification 

dynamics. However, as w i th all molecular studies reliant on amplif ication of nucleic acids w i th 

polymerase chain reaction (PCR), our microbial community f ingerprint ing method, ARISA, may 

be biased by the primers chosen and differential amplif ication efficiency. Previous work has 

shown that ecological patterns observed using ARISA fingerprints are robust to primer set 

choices and PCR conditions (16). But, because of the inherent biases of PCR methods, we 

caution readers that specific differences in richness should not be interpreted for absolute 

values, but rather considered for cross-lake and cross-lake-layer comparative purposes only. 

Our study supports the tradi t ional niche diversification hypothesis, as our most spatially 

homogeneous (polymictic) lake maintained the lowest observed number of OTUs, while our 

stratif ied lakes were more comparable in their richness. It is interesting to consider our results 

in the context of Schoener's (1974) classic perception of the importance of spatial over 

temporal dimensions, and to compare and contrast microbial responses with those of 
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tradit ional macro-scale studies. Our epi l imnion bacterial communities are variable through t ime 

(Table 4.2) and this variation may be higher through temporal than spatial dimensions (47). 

However, if a more resolved spatial scale (e.g. cm or mm) were to be considered, it is possible 

that the hypol imnion bacterial communit ies would vary more wi th water column depth than 

through a season. Both "macro" ecologists and microbial ecologists struggle w i th appropriate 

observation scale; temporal scale is of ten more diff icult to observe for macro-ecologists, while 

spatial scale is challenging for microbial ecologists (i.e. (15, 24). Furthermore, bacterial 

communit ies may not always fol low the same theoretical rules as tradit ional macro-scale 

communit ies (33). Despite these possible caveats, our results advocate using microbial 

communit ies as model systems to explore t radi t ional habitat heterogeneity theory at novel and 

relevant spatial and temporal scales of response. 

The observed difference in communi ty dynamics and variation between epilimnia and 

hypolimnia is interest ing and, given prior work, fits well into our conceptual f ramework of 

hierarchical drivers. For example, Kent et al. suggests that epil imnion bacterial communities are 

structured most immediately by interactions w i th phytoplankton, which in turn may be 

responsive to meteorological drivers (19). As observed previously (18, 29, 37), the epilimnion 

communit ies in our study fol lowed a clear t rajectory of change through t ime (Fig. 4.4, MSSD 

results). Interestingly, this same temporal succession was not observed in the hypolimnion 

communities, where we would expect l imited phytoplankton interactions. 

Furthermore, epi l imnion communit ies were more variable through t ime than their 

hypolimnion counterparts at our temporal observation scale (PERMDISP2 results). We observed 

evidence for epi l imnion response to seasonal drivers (Fig. 4.4, Table 4.3), but the temporal scale 
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required to observe the hypol imnion communit ies' responses to lake stratif ication in spring was 

probably not captured by our sampling effort . We predict that the most extensive changes in 

the hypolimnion communit ies occur immediately fo l lowing seasonal overturn whi le 

stratif ication becomes re-established. It is reasonable to expect that hypol imnion communities 

are more strongly driven by vertical gradients in electron acceptor availability, while epil imnion 

communit ies are more strongly driven by biotic intra-layer competit ion and/or extrinsic 

weather-related drivers. Future work will explore the possibility of hypolimnion community 

succession during and after seasonal lake mixing. 

As previously observed (29), certain OTUs persisted in each lake layer through time, but 

the majority of observed OTUs were present only on a few sample dates (Fig. 4.3). This type of 

analysis does not capture changes in the relative abundance of OTUs over t ime. For example, it 

is possible that some OTUs were in high abundance in early spring, and then low abundance by 

autumn, but persisted throughout the sampling period. One of the OTUs that most consistently 

occurred in the CB and TB epilimnia had an ARISA fragment length of approximately 594 bp. 

This length is highly conserved in Actinobacteria, which are common in freshwater systems and 

speculated to be ubiquitous (28). Interestingly, a f ragment of length 797 bp was observed 

consistently in the hypolimnia of TB and MA. Relatives of the cosmopolitan Polynucleobacter 

clade share this r ibosomal intergenic spacer size (29), implying that Polynucleobacter-Wke 

populations normally observed in the upper mixed layer of humic lakes (11) may have been 

persisting in these lake-layers even during periods of hypoxia. Further study using 16S rRNA 

gene sequencing is needed to confirm these speculations and to address the contr ibut ion of 

individual populat ion dynamics to overall successional trends in the community. 
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Because of PCR biases and the constraints associated w i th using relative abundance data 

for analyses, it is diff icult to calculate the more common metrics of diversity using ARISA BCC 

data. However, it has been suggested that mult ivariate dispersion tests, such as PERMDISP2, 

can be used to measure beta diversity of a community (2). Beta diversity, which is the 

difference or change in communi ty composit ion between sampling units, is perhaps the most 

appropriate type of diversity to discuss in the context of our study. For example, our results 

show that in stratif ied lakes, epi l imnion bacterial communit ies are more variable in their 

composit ion than those of hypol imnion communities, which implies that epil imnion 

communit ies have higher beta diversity. In communi ty assembly theory, high beta diversity is 

suggestive of mult iple stable-state community equilibria wi th in a system (5). This is in contrast 

to theory suggesting that environmental filters select for a single unique assemblage among a 

ubiquitous dispersal pool. High beta diversity is thought to result f rom relatively large regional 

species pools, small connectivity between community patches (thus inhibiting inter-patch 

dispersal), high productivity, and low disturbance frequency (see (5) for a review). 

Beta diversity in the context of community assembly could be interesting to explore in 

epil imnia and hypolimnia. In lake epilimnia, bacterial communit ies may experience relatively 

large immigrant species pools because of weather events (precipitation or wind) and terrestrial 

connectivity (i.e. runoff). However, epil imnion communit ies may arguably experience a higher 

frequency of disturbance because of the transient physical response of the epil imnion to 

weather-related variables. All of this suggests that mult iple stable states may exist for 

epi l imnion bacterial communit ies. In contrast, hypol imnion communit ies are buffered f rom 

external drivers and may also experience a relatively smaller rate of immigration. Also, 
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hypolimnia have relatively low productivity, and relatively low disturbance frequency in 

stratif ied lakes. If hypol imnion bacterial communi ty assembly is driven more strongly by vertical 

gradients in temperature and dissolved oxygen, this suggests a stringent environmental fi lter 

that may constrain the communit ies to a single stable equilibrium. Few studies have explored 

patch dynamics among free-living aquatic bacterial communities (i.e. (3)), likely because of the 

diff iculty in defining patch boundaries, and so l itt le can be stated concerning the role of patch 

connectivity in determin ing beta diversity in aquatic BCC. Future work should be directed in this 

area to unravel communi ty assembly rules for each thermal layer and across lake systems. 

In conclusion, our results show differences in bacterial community richness, composition, 

and variation between lake thermal layers of varying environmental gradients, and generally to 

spatial habitat heterogeneity across lakes. From our results, vertical water column habitat 

heterogeneity may contr ibute to bacterial communi ty dynamics by mediating the influence of 

more immediate BCC drivers (DO, temperature, electron acceptors, nutr ient availability). We 

observed a succession through the open-water phase in the epil imnion bacterial communities, 

but not in the hypol imnion communities. This suggests that epil imnion bacterial community 

response to tempora l heterogeneity is observed on a daily to weekly t ime scale, whereas 

response of the hypol imnion communi ty may be more directly observed during re-stratification 

of lakes directly after mixing, which occurs seasonally. The response of the aquatic bacterial 

communit ies to spatial and temporal habitat heterogeneity observed here suggests that both 

are interacting drivers in the hierarchical network influencing bacterial communi ty assembly 

and dynamics. 
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Figure 4.1. Dissolved oxygen (mg/L) and thermal (°C) gradient maps of the lakes over the study 

period, 2005. The maps are labeled as follows: A) CB DO B) CB temperature C) TB DO D) TB 

temperature E) MA DO F) MA temperature. As proxied by dissolved oxygen and temperature 

profiles through t ime, polymict ic CB has low habitat heterogeneity in the vertical water column 

and than the two stratif ied lakes, TB and MA. 
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Figure 4.2. Summary of bacterial communi ty richness assessed using ARISA. A) Venn diagram 

representation of total observed OTUs common to bacterial communit ies in TB, CB, and MA. CB 

had one unique OTU, as compared to 33 and 53 unique OTUs observed in TB and MA, 

respectively. B) Histogram of average and total observed OTUs per lake. There were 399 total 

OTUs observed f rom May to November 2005. CB was the least rich of the three study lakes, 

fo l lowed by TB, and then MA. C) Histogram of total observed OTUs per thermal layer. 

Polymictic CB had the least observed OTUs, in each layer; the epilimnia and hypolimnia of 

stratif ied MA and TB were comparable in their total observed OTUs. 
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Figure 5.2. 
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Figure 4.3. OTU persistence in each lake-layer through t ime. Each column represents a 

different OTU (defined by ARISA fragment size), and each row represents a lake layer. The 

gradient represents persistence of the OTU in that particular lake layer, as calculated by the 

proport ion of OTU occurrences (based on presence/absence) per total observations for that 

lake layer. To reduce complexity in the dataset, OTUs were only included if they were detected 

wi th a relative peak area of 0.025 or greater, and in at least five observations. Some OTUs were 

more persistent than others, and some of these were unique to a lake layer. 
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Figure 5.2. 

Figure 4.4. Correspondence analyses (CAs) to explore differences between bacterial 

communit ies f rom dif ferent thermal layers within the same lake. Epilimnion communities are 

symbolized by circles, and hypol imnion by squares. A) CB epi l imnion and hypolimnion 

communit ies were not distinct, were highly correlated to t ime (CANOCO CorE r = -0.68 to axis 

1), and fol lowed a similar trajectory through t ime. B) MA thermal layers harbored distinct 

bacterial communities. C) TB thermal layers harbored distinct bacterial communities. Both MA 

and TB epi l imnion communit ies are correlated to high DO (r= 0.81 and -0.79, respectively) and 
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temperature (r = 0.73 and -0.75, respectively) along axis 1, and to t ime along axis 2 (r = -0.51 

and 0.53 respectively). 
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Figure 5.2. 
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Figure 4.5. Partial correspondence analysis (pCA; lake as covariable) ordination of all study 

lakes. Underlying variation among bacterial communit ies after accounting for lake-to-lake 

differences, suggests that there are general patterns in spatial habitat heterogeneity, as all 

hypolimnia and epilimnia separate along axis 1. Mean dissolved oxygen (DO) and temperature 

per layer were highly correlated to the first axis while t ime was less correlated (Table 4.3). 
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Chapter Five 

Seasonal and episodic lake mixing st imulate differential pianktonic bacterial dynamics 

Published as: Shade, A., C-Y Chiu, and K.D. McMahon. 2010. Episodic versus seasonal lake 
mixing events instigate differential response among aquatic bacterial populations. Microbial 
Ecology. 59:546-554. 



Abstract 

Yuan Yang Lake (YYL), Taiwan, experiences both winter and typhoon-init iated mixing, 

and each type of mixing event is characterized by contrasting environmental conditions. 

Previous work suggested that after typhoon mixing, bacterial communities in YYL re-set to a 

pioneer composit ion, and then fol low a predictable trajectory of change until the next typhoon. 

Our goal was to continue this investigation by observing bacterial community change after a 

range of mixing intensities, including seasonal winter mixing. We fingerprinted aquatic bacterial 

communit ies in the epi l imnion and hypolimnion using automated ribosomal intergenic spacer 

analysis, and then assessed communi ty response using mult ivariate statistics. We found a 

significant linear relationship between water column stabil ity and the epil imnion to 

hypol imnion divergences. In comparison to the summer, we found the winter communi ty had a 

distinct composit ion and less variation. We divided the bacterial community into population 

subsets according to abundance (rare, common, or dominant) and occurrence (transient or 

persistent), and fur ther explored the contr ibut ion of these subsets to the overall community 

patterns. We found that transient taxa did not drive bacterial community patterns fol lowing 

weak typhoon mixing events, but contr ibuted substantially to patterns observed fol lowing 

strong events. Common taxa generally did not fol low the community trajectory after weak or 

strong events. Our results suggest intensity, frequency, and seasonality joint ly contr ibute to 

aquatic bacterial response to mixing disturbance. 
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Introduction 

Disturbance remains one of the most simultaneously provocative and extensively 

published subject matters in ecology. Historically, disturbance has been debated as both a 

st imulant and repressor of diversity (4), a mechanism of communi ty re-setting and an init iator 

of succession (7), and a passive accomplice of regional immigrants or non-native species for 

communi ty invasion (8). These few examples are but a subset of possible disturbance roles in 

communit ies or ecosystems. The importance of disturbance in structuring communities or 

ecosystems is well established. 

A common disturbance def ini t ion is the periodic disruption of ecosystem, community, or 

populat ion structure, or changes in resource availability or the physical environment (19, 20). 

Disturbances are characterized by intensity, frequency, or periodicity. In this study our focus 

was on the temporal components of disturbance, and, more specifically, the differences in 

bacterial communi ty response to seasonal disturbances versus those that are episodic. We 

were also interested in communi ty responses to disturbances of d i f ferent intensities. Seasonal 

and climatic disturbances occur regularly in temporal cycles, and can be gradual or episodic. 

Episodic disturbances may be less predictable, infrequent, or inconsistent, while transitions 

between seasons are more gradual and predictable. Here, we call the latter transitional 

disturbances. Hurricanes are examples of episodic disturbances, whi le spring floods are 

transit ional disturbances. 

Lake mixing alters physical and chemical gradients in a previously stratified water 

column. In a thermally stratif ied lake, the epil imnion is relatively warmer, limited in nutrients, 

and high in dissolved oxygen, whi le the hypol imnion is cooler, more rich in nutrients, and often 
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anoxic. Because lake mixing influences known proximate drivers (temperature and dissolved 

oxygen) of bacterial communi ty composit ion (16), we consider it to be a disturbance to aquatic 

bacterial communit ies. 

Yuan Yang Lake, Taiwan, is an interesting system because it experiences both episodic 

and transitional mixing disturbances. During the typhoon summer season (roughly June to 

November), the vertical water column is mixed by typhoon-associated precipitation and wind, 

and then returns quickly to its stratif ication. During the winter (January to March), seasonal 

temperature changes init iate unstable thermal structure for multiple weeks, during which t ime 

the lake periodically mixes, weakly stratifies, and mixes again. Previous work indicated that 

bacterial communit ies in the epil imnion and hypol imnion of the lake re-set deterministically 

fol lowing typhoon mixing disturbance (11). In this study, we first aimed to characterize the 

differences between summer and winter Yuan Yang Lake bacterial communit ies in the context 

of these episodic and transit ional mixing events. Next, we explored subsets of similarly 

occurring populations w i th in the bacterial communit ies to determine their contr ibut ion to the 

overall patterns observed. Finally, we aimed to investigate the influence of disturbance 

intensity on bacterial communi ty response, and to do so we performed a meta-analysis of our 

data combined wi th a previously published typhoon season from Yuan Yang Lake (11). 

Materials and Methods 

Study site and sample collection 

Yuan Yang Lake (YYL; 24°34'60.00"N, 121°24'0.00" E, area = 3.7 ha; maximum depth = 

4.5 m), northeastern Taiwan, is a sub-tropical, humic lake in the Chilan National Forest 
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preserve. The geography of the drainage basin allows large quantit ies of terrestrial runoff f rom 

the surrounding mountains enter the lake (18, 21). Since April 2004, the deepest point of YYL 

(approximately 4.5 m) was instrumented wi th a buoy that measures environmental parameters 

every ten minutes; these data are accessible at the Global Ecological Lakes Observatory 

Network website (GLEON; ht tp : / /www.gleon.org) . Observations of continuous water 

temperature profiles showing typical seasonal changes have been previously published in (18) 

and (11). 

Water samples were rout inely collected over the deep hole at YYL for bacterial 

communi ty observations. To collect water , we used a hand pump wi th tubing that extended to 

the bo t tom of the lake. The hand pump and tubing were rinsed in between samples and 

cleaned wi th distilled water between observation days. In order to observe community 

succession, we collected samples more frequently after typhoon mixing events f rom July 

through August 2006 (on average twice weekly summer sampling, total number of samples in 

2006 = 14). We also sampled daily for five days immediately after a winter mixing event in 

March 2007, and then six consecutive days one week later (total number of samples in 2007 = 

12). Integrated epil imnion (0-0.5 m) and integrated hypol imnion (0.5-3.5 m) samples were each 

collected, fol lowing the sampling strategy of (11). 

We immediately f i l tered the water onto 0.22 [im polyethersulfone filters (Pall, New 

York, NY). The volume of water f i l tered varied because of the particle content of the lake after 

typhoons (turbid water required more t ime to fi lter). Samples were frozen until further 

processing (at -20°C while at the f ield station, and then at -80°C when we returned to the 

laboratory). 

http://www.gleon.org


90 

Specific 2006 typhoon informat ion was retr ieved from the Joint Typhoon Warning 

Center (ht tp: / /metocph.nmci .navy.mi l / i twc/atcr /2006atcr / ) and the Taiwan Central Weather 

Bureau (h t tp : / /www.cwb.gov. tw/ ) . 

Instrumented buoy environmental variables 

All instrumented buoy and associated meteorological variables were downloaded from 

the Global Lakes Ecological Observatory Network publicly accessible database (GLEON, 

www.gleon.org). The YYL buoy measured surface dissolved oxygen, wind speed, wind direction, 

water temperature profiles, and air temperature. A weather station approximately one km 

from the lake also measured rainfall, humidity, and soil temperature. High-resolution water 

temperature profiles collected f rom the buoy were used to observe overturn during both 

typhoon and winter mixing events. This allows researchers to observe the real-t ime response 

of the thermal profi le to a typhoon, rather than relying on manual profiles that would not be 

able to be collected during the storms because of the remote location of the lake. High-

resolution temperature profi le data were downloaded and used for analysis, and cumulative or 

average values were calculated f rom these high-resolution data after quality control. During 

summer 2006 the instrumented buoy was in termi t tent ly operational because of 

communicat ion challenges wi th the wireless network. Because of this buoy sensor data were 

frequently unavailable during summer 2006 as compared to the winter 2007 observation 

period. 

Bacterial community fingerprinting 

http://metocph.nmci.navy.mil/itwc/atcr/2006atcr/
http://www.cwb.gov.tw/
http://www.gleon.org
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We used automated ribosomal intergenic spacer analysis (ARISA) to f ingerprint bacterial 

communit ies in each thermal layer, as previously described (6), w i th minor modifications (22). 

Briefly, we extracted total DNA f rom the frozen filters using a kit bead-beating method 

(detergent cell lysis w i th beadbeating, and a salt and ethanol wash to precipitate the DNA as 

per manufacturer's instructions: Bio 101 FastDNA kit, MPBiomedicals, Carlsbad, CA). From the 

extracted DNA we amplif ied bacterial intergenic spacer region between the 16S and 23S rRNA 

genes using the universal pr imer FAM*1406f (5'- TGYACACACCGCCCGT-3') and bacterial-

specific primer 23Sr (5'- GGGTTBCCCCATTCRG-3'). Five to ten nanograms of total community 

DNA were used as template in the 25 uL amplification. The amplif ication included an initial 2 

minute denaturat ion at 94°C, 30 second denaturation at 94°C, 45 second annealing at 55°C, and 

a 1 minute extension at 72°C. The cycle was repeated 29 t imes, w i th a final hold at 4°C. One 

microl i ter of 1:1 diluted PCR product (and an internal custom-made ROX-labeled size standard 

of 100, 150, 200, 250, 300, 350, 400, 450, 475, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 

1000, 1250, 1500,1750 and 2000 bp fragments for each sample, BioVentures, Inc, Tennessee) 

were analyzed using denaturing capillary electrophoresis on an ABI 3730xL autoanalyzer 

(Applied Biosystems, Forest City, CA) at the University of Wisconsin-Madison Biotechnology 

Center. We manually assigned bins based on amplicon length in base pairs using the 

GeneMarker software (SoftGenetics, State College, PA), and then assigned peaks from 

individual profiles to bins using a previously described analysis (10). In this analysis, peaks f rom 

individual profiles were discriminated f rom the baseline (a.k.a. signal-from-noise) based on the 

distr ibutional method of (1). In this method, peaks were considered to be "signal" peaks if they 

had fluorescence values (i.e. peak height) more than two standard deviations above the mean 
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peak fluorescence in a profile. These signal peaks were removed, and the remaining pool of 

peaks was considered in the same way. This iterative removal of signal peaks was continued 

until none of the remaining candidate peaks had heights greater than t w o standard deviations 

above the mean fluorescence. The remaining peaks were considered to be "noise", and were 

not included in the communi ty profile. The signal peaks were then assigned to the manually 

determined bins, and each bin represented a di f ferent operational taxonomic unit (OTU) for our 

study. 

Statistical analyses 

We first normalized peak height in each community f ingerprint to the total fluorescence 

(i.e. sum of all peak heights in the profile) (14, 23). This relative peak height was used as a proxy 

for relative OTU abundance in the sampled community. As a first exploratory analysis, we 

conducted correspondence analysis (CA, performed either in CANOCO for Windows 4.5 or in 

the R package for statistical computing, (17), http:/ /cran.r-project.org/) on each season 

category (summer versus winter) and classified observations by thermal layer. In all 

correspondence analyses, biplot scaling was used to calculate inter-sample distances. In concert 

with this, we used analysis of similarity (ANOSIM, PRIMER v6, (2, 3)) to test for differences 

between categorical groups by Bray-Curtis similarities. ANOSIM generates an R test statistic to 

indicate the degree of separation between groups, where an R statistic of 1 indicates complete 

separation and 0 indicates no separation. We then calculated group variation using the mean 

centroid distance f rom CA ordination axis scores (13, 16). For this analysis, all observations 

http://cran.r-project.org/
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were analyzed in a single CA so that dispersions were comparable across groups; variance 

around a group mean distance to the centroid is also reported for cross-comparison. 

SIMPER (PRIMER v6) identif ies within-group average Bray-Curtis similarities and the 

OTUs that contr ibute the most cohesiveness within a group (2, 3). Because the ranking of all 

OTUs are returned f rom this analysis, we report only the five most contributing OTUs. 

OTU subsets of the tota l communi ty were determined using the statistical distr ibut ion 

of the occurrence and cumulat ive relative abundance observed for each OTU within a dataset 

(summer and winter calculated separately). Then, we classified OTUs based on their cumulative 

relative abundance where " rare" OTUs ranked below the first quartile, "common" between the 

first and third quarti le, and "dominant " above the th i rd quarti le. For occurrence, " t ransient" 

OTUs occurred less than the median observed occurrence, and "persistent" OTUs more than 

the median. 

Meta-analyses including the 2004-2005 bacterial community responses to typhoon mixing 

Because this was a fo l low-up to a previously published study (11), we also considered data 

collected f rom the 2004 and 2005 typhoon seasons (total number of sample dates f rom 2004 

and 2005 = 20). This was done to increase the number of typhoon events and samples 

represented in the dataset, so that we could investigate bacterial community response to a 

range of typhoon intensities. Methods for the field work and sample collection, as well as for 

the bacterial communi ty f ingerprint ing, were identical to those described above. 

Water column stabil ity for 2004-2007 observation days was calculated as the Schmidt 

stability index (9). Schmidt stabil ity accounts for both the bathymetry of the lake and the 
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thermal profiles. We used daily thermal profiles for this index, downloaded from the GLEON 

website (www.gleon.org) in 10-minute observations and averaged. We also used the R libraries 

available f rom the GLEON lakeanalyzer script repository (available at 

ht tp: / /code.google.eom/p/ lakeanalyzer/) . In R, we fit a linear regression model to describe the 

relationship between the water column stability and the epil imnion to hypolimnion community 

similarity. In the linear model, the Schmidt stability of the water column was the explanatory 

variable and the Bray-Curtis similarity between the epil imnion and hypolimnion was the 

response variable. 

Results 

Environmental conditions at Yuan Yang Lake in summer and winter 

Yuan Yang Lake experienced di f ferent external environmental conditions (Table 5.1), as well as 

within-lake temperature (Fig. 5.1) in summer versus winter. Notably strong seasonal differences 

were observed between the surface and bot tom thermistors. In the winter, the hypolimnion 

temperature was distinct f rom the epi l imnion by approximately five degrees Celsius, whereas in 

the summer, the stratif ication spanned over thir teen degrees (with the exception of post-

typhoon). Because of buoy technology challenges during the study period, a continuous 

seasonal series was not available; however, other studies have published these observations 

f rom previous years (11, 18). 

Table 5.1. Comparison of environmental conditions across episodic (typhoon-initiated) and 
transitional (winter) mixing in Yuan Yang Lake. 

Precipitation 
(mm) 

Wind 
(m s1) 

Air temperature (°C) Surface water 
temperature (°C) 

Episodic (typhoon)3 

http://www.gleon.org
http://code.google.eom/p/lakeanalyzer/
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Mean 17.5 0.97 18.2 19.3 
Max imum 480.5 16.4 21.6 22.4 
M in imum 0.0 0.0 13.5 13.6 
Transitional (winter)b 

Mean 3.9 1.0 10.5 13.1 
Max imum 18.0 1.7 15.2 19.8 
M in imum 0.0 0.4 2.2 8.9 

aTyphoon data are f rom June to August 2004-06 
bWinter data are f rom March 2007. 

There were five typhoon or tropical depression events that influenced Taiwan during 

the summer 2006 observation period (Table 5.2), and all events that passed directly over the 

island were either tropical depressions or mild typhoons. These storm events evidenced a less 

active typhoon season at YYL in 2006 than in 2004 and 2005. As a comparison to the active 

typhoon season of 2004-2005 July and August observations (average wind speed 1.3 and 1.09 

m s"1, and average precipitation 23.4 and 30.7 mm, respectively), the less active summer 2006 

study period had average daily wind speeds of 0.8 m s"1 and average daily precipitation of 8.6 

mm. Of the 2006 events, tropical depression Bopha was the most intense storm that influenced 

YYL; Bopha brought 202 mm of cumulat ive rain to the lake. 

Table 5.2. Typhoon events that influenced Taiwan during the observation period in summer 
2006. 

Event Name Strength (Saffir- Maximum wind Cumulative 
Simpson Hurricane (m s"1)a precipitation 
Scale) (mm) 

07-09 July Ewiniar** 4 1.23 7 
12-15 July Bilis* NA 6.9 21 
23-26 July Kaemi 1 NA 41 
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07-09 August Bopha* NA 8.6 202 
09-10 August Saomai** 5 NA 76 

*Event was classified as a severe tropical depression rather than a typhoon 
**Event did not direct ly pass over the island of Taiwan. 

NA indicates informat ion not available. 
aWind data were observed by an instrumented buoy at the lake, and precipitation data were 

observed by a weather stat ion approximately 1 km f rom the lake. 

Comparison of summer and winter bacterial communities 

Despite the mild typhoon events in 2006, the bacterial communit ies changed along separate 

epi l imnion and hypol imnion trajectories (Fig. 5.2A), as previously observed (11). We found a 

significant difference in composit ion between summer 2006 and winter 2007 bacterial 

communit ies (ANOSIM R = 0.54, p < 0.001); there was a significant compositional distinction 

between epi l imnion and hypol imnion communit ies when they were aggregated by layer across 

the summer (Fig. 5.2A), but each maintained a comparable within-group Bray-Curtis similarity, 

and contained similar "group-contr ibut ing" OTUs (Table 5.3). In the winter the epilimnion and 

hypol imnion communit ies were not dist inct (Fig. 5.2B, ANOSIM R = -0.04, p>0.743), and the 

winter 2007 bacterial communit ies had less within-group similarity and dispersion around the 

mean centroid than the summer 2006 communit ies (Table 5.3). Summer communities were 

also more variable in t ime than winter communit ies (i.e. higher mean centroid), wi th the most 

temporal variation observed in summer hypol imnion communit ies (Table 3). 

Table 5.3. Thermal layer and season comparisons between 2006 summer and 2007 winter 
bacterial communities. 

Group Mean centroid Within- group average Most contributing OTUs to 
distance3, variance Bray-Curtis similarity 

(%)b 

within-group similarity0 
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Epilimnion summer 0.16, 0.01 61.4 812, 732, 545, 960, 549 
2006 
Hypol imnion 0.56, 0.09 60.0 812, 545, 836, 960, 911 
summer 2006 
All observations 0.70, 0.09 46.8 732, 812, 661, 545, 836 
summer 2006 
All observations 0.40, 0.07 31.4 920, 812, 545, 869, 598 
winter 2007 

aMean centroid analysis, a metric of communi ty variation, was conducted on axis 1 and 2 
sample scores f rom a correspondence analysis of all observations, and the variance of each 

mean centroid is reported for cross-comparison. 
bWithin-group similarity was calculated using Bray-Curtis similarity 

cThe five OTUs that most contr ibuted to this within-group similarity are reported. For each 
group these top five contr ibute minimally 44% to the total discrimination. 

Population relative abundances and occurrences 

We next compared population relative abundances and occurrences in our summer and winter 

datasets to ident i fy groups of OTUs that were most responsible for the community-level 

patterns observed. For occurrence, we classified each OTU as "persistent" or "transient", and 

for abundance, we classified each OTU as "rare", "common", or "dominant" according to their 

cumulative relative abundance observed wi th in a season. Thus, we identif ied six subsets of 

each summer or winter community, and performed correspondence analyses on each of these 

separately (Fig. 5.3). According to our classification, "rare, persistent" OTUs did not exist in 

either dataset, and "dominant, t ransient" OTUs were too few to perform community analyses 

in the win ter 2006 dataset. In the summer community, we found that "dominant, persistent" 

OTUs most contr ibuted to the epi l imnion and hypolimnion trajectories observed in summer 

2006 (Fig. 5.3E). We deduced this because the overall community trajectories in Figure 5.2A 

matched that of the overall community trajectories in Figure 5.3E. We also observed levels of 

distinction between epil imnion and hypol imnion groups in all summer 2006 subsets. It was 
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interesting to f ind that "common" OTUs did not fol low the community trajectory in the 

ordination, especially "common/pers is tent" OTUs (Fig. 5.3B and C). In the winter, no noticeable 

trajectories are observed wi th any OTU subset (Fig. 5.3F-I). 

Meta-analysis of bacterial communities from the 2004-2005 typhoon season 

We applied subset abundance/occurrence groups to the 2004-2005 dataset f rom (11), and 

found a stronger influence of rare, transient and dominant, persistent OTUs in the community 

typhoon response (Fig. 5.4). However, the influence of common OTUs remained comparably 

low to that of the transient, rare and transient, dominant OTUs. Common, persistent OTUs 

fol lowed a trajectory, but in the correspondence analysis biplot of these OTUs, epil imnion and 

hypol imnion communit ies re-converged slightly wi th t ime. Also, common, transient OTUs did 

not fo l low the whole-community trajectories. 

Finally, we wanted to determine if there was a relationship between the intensity of a 

mixing event and the differences between the epil imnion and hypolimnion communities across 

the entire 2004-2007 dataset. To do this, we chose to calculate water column stability because 

it is a direct indicator of the mixing status of the lake at the t ime of the bacterial communities 

observations. We used the Schmidt stabil ity (9), which incorporates lake bathymetry as well as 

thermal profiles to quantify the water column stability. Higher Schmidt stability values indicate 

that more work is required to mix the water column to a homogeneous density. Winter stability 

values generally were below 1, where as typhoon-season stability values ranged from below 1 

to above 8. We found that there was a moderate correlation (Pearson's r = -0.64) and linear fit 
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of the Schmidt stabil i ty to Bray-Curtis similarities (adjusted r2 = 0.39, p<0.0001, n=33 

observations f rom 2004-2007). 

Discussion 

Mixing intensity and frequency are predictors of divergence 

Despite that typhoon frequencies and intensities in 2006 were not as high as previously 

observed (11), we observed a weak di f ferent iat ion of epil imnion and hypol imnion bacterial 

communit ies af ter summer mixing events. We predicted that the bacterial community response 

to these events wou ld be less dramatic. Indeed, only two of the 2006 typhoons (Erwinair and 

Bopha) exceeded the 120 mm of precipitat ion required to cause complete overturn (12). 

However, we believe that our results can contr ibute to an understanding of community 

response and recovery because they al lowed us to observe a range of disturbance frequency 

and intensity. When this broader range of event intensity was analyzed (including the 2004-

2005 typhoon season), we found a significant relationship between the water column stability 

and the differences between epil imnion and hypol imnion communities. Therefore, the less 

frequent and less intense mixing events of 2006, as well as the seasonal mixing event of 2007, 

support the hypothesis that aquatic bacterial communi ty composition is influenced by the 

f luctuating mixing status of the lake. 

Differential population responses translate to an emergent community pattern 

We observed a variety of responses wi th in the population occurrence (transient or 

persistent) and abundance (rare, common, or dominant) subsets that did not always match the 
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emergent communi ty pattern. For instance, in the summer 2006 dataset, the common, 

persistent OTUs were not responsive to typhoon events, and an obvious succession of the 

whole communi ty was not observed in a correspondence analysis of this subset. This suggests 

that dominant OTUs were most responsive to the typhoons, but that the middle 50% (from first 

to third quarti le) of the community were potent ial ly unaffected. The common OTUs also did not 

contr ibute strongly to the pattern observed in post-typhoon community response in the 2004-

2005 meta-analysis. 

It is interesting to consider that composi t ion patterns of this persistent subset do not 

match that of the whole. This should be taken into consideration for future research on 

bacterial communit ies. Even clear and strong patterns observed in the whole community may 

be driven by a few dominant OTUs. However, the potentially hidden dynamics of common 

OTUs may be of interest for certain questions. This is analogous to previous reports of 

aggregate bacterial community process measurements masking the response of single 

populations (5), and has interesting implications for how the biotic (competit ive or mutualistic) 

interactions of populations ult imately translate to community-level dynamics. 

Does pre-disturbance community determine response to mixing? 

The communi ty present at the onset of a disturbance may largely define the post-

disturbance response and recovery. Composit ionally different communit ies may be more or 

less resistant and resilient to mixing, and populat ions may be differently competit ive within the 

post-mixing communi ty . In Yuan Yang Lake there is evidence that the communi ty present prior 

to a mixing event is directly related to the t ime since the previous disturbance (11). Our results 
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suggest also that f rom the perspective of aquatic bacterial communities, a mixing disturbance is 

not as straightforward as whether or not the lake mixed completely; we observed a gradient of 

mixing intensities that contr ibuted to the magnitude of the epil imnion to hypol imnion 

community divergence. Therefore, the pre-mixing, initial community is likely the product of the 

previous disturbance's t iming and intensity. 

The application of a simple conceptual model to bacterial communi ty response to 

mixing could become complicated by an intensity threshold effect. During a strong mixing 

event, such as a typhoon wi th over 120 mm of precipitation (12), the composit ion of the initial 

community did not appear to influence the post-mixing community recovery and trajectory 

(11). In addit ion, the homogenous and predictable physical-chemical conditions in the water 

column after an intense typhoon may act as a strong environmental f i l ter, selecting for unique 

post-mixing taxa that init iate the succession (11). In contrast, a less intense mixing event does 

not initiate the succession because the water column retains some of its spatial structure. 

Therefore, after a less intense mixing event, the resulting bacterial communi ty may more 

closely resemble the initial community. 

Seasonality of the mixing event should also be a component of a conceptual model 

describing bacterial communi ty response and recovery. Within a summer season, the bacterial 

community t rajectory may be frequently reset by intense mixing events. Given enough t ime 

from the last intense mixing, seasonal dynamics may instead determine changes in 

composition, as reflected in this dataset by the ANOSIM distinction between summer and 

winter communit ies. In Yuan Yang Lake, the initial bacterial community composit ion may be 

more important in win ter mixing scenarios. During winter, the gradual erosion of the epil imnion 
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caused by cooler air temperatures may al low for continued biotic interactions and 

environmental gradients that drive bacterial communi ty change in the absence of disturbance. 

The exact t ime of w in ter mixing, though predictable given the water column conditions and 

weather, is variable each year. Thus, it would be unlikely that the same communi ty would be 

present at the onset of every winter mixing event. If we assume that compositional differences 

translate to differences in resistance and resilience in the post-mixing conditions, then we may 

observe more variabil i ty in community response to winter mixing than to intense typhoon 

mixing. Further study is needed to explore the variabil i ty in community response among winter 

mixing events. 

Limitations of the study scope 

We advise readers about some l imitat ions of our study. First, we do not have a 

continuous, multi-seasonal dataset. The sampling period for the winter 2007 dataset spanned 

one month in March, and two months for the summer 2006 dataset. Because epil imnion 

bacterial communit ies have been previously observed to follow a seasonal trajectory, both 

summer 2006 and win ter 2007 datasets are restricted as a representation of the full seasons, 

and the winter dataset is more restricted than the summer because it encompasses a more 

narrow observation window. However, because the observation numbers were comparable, we 

believe that these data can provide useful in format ion about bacterial communi ty response to 

lake mixing. Analyses including all of the 2004-2007 observations provided a broader gradient 

of mixing intensities, especially f rom the summer typhoon seasons. However a more rigorous 

routine sampling regime and additional w in ter sampling are necessary to seek generalities. The 
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advent of automated sampling for bacterial communit ies, like the other environmental sensors 

currently deployed f rom the instrumented buoy, wil l likely provide the data to fill in the gaps in 

sampling directly after typhoon events (15). 

Conclusions 

All disturbances occur on gradients of frequency and intensity. The bacterial communit ies in 

Yuan Yang Lake responded proport ionally to a range of mixing events. We suggest a conceptual 

model to describe planktonic bacterial communi ty response to lake mixing that incorporates 

disturbance frequency, seasonality, and intensity. However, specific populations may not 

necessarily respond in the same way as the aggregate community, and it will be informative to 

next decipher how these individual population dynamics translate to the emergent community 

level patterns observed. This work contributes to a broader understanding of bacterial 

community response to lake mixing, and also allows for exploration of disturbance ecology 

framework in a microbial model system. 
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Figure 5.1. 

July 2006 March 2007 

Figure 5.1. Thermal profi les of Yuan Yang Lake during (A) representative summer 2006 mixing 

event (after tropical depression Bopha), and (B) winter mixing event in 2007. Arrows signify 

mixing, and stars indicate observation days for bacterial community analysis. During summer 

2006, communicat ion was periodically lost w i th the instrumented buoy, as indicated by the 

smooth lines between 21 and 27 July. 

107 
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Figure 5.2. 

Figure 5.2. Correspondence analysis of (A) July and August 2006 and (B) March 2007 bacterial 

communit ies. Communities are classified by thermal layer. All observations are labeled by the 

day of the month. Thermal layers were distinct in summer 2006 (ANOSIM R = 0.298, p = 0.003), 

but not in winter 2007 (ANOSIM R = -0.04, p = 0.743). 
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Figure 5.2. 

A. RT06 B. CT06 C. CP06 

OTUs = 26%; Obs. = 87% OTUs = 22%; Obs. = 96% OTU= 25%; Obs. = 100% 

OTUs = 4%; Obs. =65% OTUs = 23%; Obs. = 100% OTUs = 26%; Obs. = 83% 

OTUs = 28%; Obs. = 100% OTUs = 20%; Obs.= 100% OTUs = 25%, Obs.= 100% 

Figure 5.3. Correspondence analyses ordinations of abundance/occurrence subsets f rom the 

2006 and 2007 bacterial communit ies. Axes 1 (bottom) and 2 (left) are shown for each 

ordination. The first letter of the label indicates the abundance of the OTUs in that subset, 

where "R" is rare, "C" is common, and "D" is dominant OTUs. The second letter of the label 

indicates the occurrence frequency of the subset. "T" indicates transient and "P" is persistent 
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The final two digits of the label indicate the year of the dataset ("06" is summer 2006, and "07" 

is winter 2007). Note axes ranges (representing the total variat ion captured by the axes) are not 

consistent across analyses. Rare/persistent OTUs were not detected for either summer 2006 or 

win ter 2007 datasets, and only 1 dominant/ t ransient OTUs was detected for winter 2007; 

therefore analyses were not performed on these subsets. "OTUs" refers to the percentage of 

OTUs in the subset out of the total detected OTUs. "Obs" refers to the percentage of 

communi ty observations that included OTUs f rom the subset. 
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Figure 5.4. 

A. RT B. CT 

OTUs = 25%; Obs. = 100% OTUs = 16%; Obs. = 100% 

C. CP D. DP 

- 2 - 1 0 1 2 3 4 -3 - 2 - 1 0 1 2 
OTUs = 20%; Obs. = 100% OTUs = 24%; Obs.= 100% 

Figure 5.4. Meta-analysis of 2004-2005 bacterial communi ty abundance/occurrence subsets. 

Correspondence analyses of abundance/occurrence subsets f rom the total 2004-2005 bacterial 

communit ies, previously published by Jones et al. 2008. Axes 1 (bottom) and 2 (left) are shown 

for each ordination. The first letter of the label indicates the abundance of the OTUs in this 

subset, where "R" is rare, "C" is common, and "D" is dominant OTUs. The second letter of the 

label indicates the occurrence of the subset. "T" indicates transient and "P" is persistent. Note 

axes ranges (representing the tota l variation captured by the axes) are not consistent across 

analyses. Rare/persistent OTUs did not exist for this dataset, and only 2 dominant/transient 

OTUs existed; therefore analysis could not be performed on these. "OTUs" refers to the 

percentage of OTUs in the subset ou t of the total detected OTUs. "Obs" refers to the 

percentage of community observations that included OTUs f rom the subset. 
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Nutr ients and oxygen are key drivers of aquatic bacterial communit ies after water column 

mixing: a l imnocorral experiment, Part 1 
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Abstract 

For lake microbes, water co lumn mixing acts as a disturbance because it homogenizes 

thermal and chemical gradients known to define the distributions of microbial species. Our 

objective was to isolate hypothesized drivers of lake bacterial community dynamics 

immediately after water column mixing. To accomplish this, we designed an enclosure 

(l imnocorral) experiment w i th three t reatments: an oxygen addit ion to the hypolimnion 

(bot tom thermal layer), nutr ient addi t ion to the epil imnion (surface thermal layer), and full 

water column mixing. We used a molecular f ingerprint ing technique (ARISA) to observe 

bacterial communi ty dynamics in the t reatment enclosures, a control enclosure, and in the 

ambient lake water. We demonstrate that the oxygen and nutr ient amendments simulated the 

physical-chemical water column envi ronment fol lowing the mixing treatment, allowing us to 

separately observe the effects of these drivers on the bacterial communities. A strong 

t reatment effect was observed; the bacterial communit ies in the nutr ient and oxygen 

amendments resembled those in the ful ly mixed conditions, aff i rming that these were 

important drivers of communi ty change. We correlated measured water chemistry to the 

variation in bacterial communi ty composit ion, and found nutrients were most strongly related 

to hypol imnion variation, whi le oxygen and dissolved organic carbon were most strongly 

related to the epil imnion variation. A cluster analysis exposed groups of taxa representative of 

mixed condit ions but also co-occurring in stratif ied conditions, support ing previous work that 

suggested generalist taxa may serve as pioneers in a post-mixing environment. A companion 

manuscript addresses the stability (resistance, resilience) of the bacterial communities to 

mixing disturbance. 
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Introduction 

Lake mixing and the associated environmental conditions of a mixed water column are 

impor tant disturbances for freshwater plankton communities. Both experimental (e.g. (3,13, 

23, 33)), and observational (e.g.(10, 22)) evidence support this. The majori ty of previous lake 

mixing studies has focused primari ly on phytoplankton and zooplankton responses rather than 

bacterioplankton responses. Because bacterioplankton play an important role in lake 

metabol ism (i.e. respiration and production) by mediating carbon and nutrient transformations, 

bacterioplankton response to mixing is important for understanding emergent properties of the 

lake "microbial loop," including seasonal dynamics and food-web interactions. 

Many temperate lakes mix twice annually, once in the spring after ice-off, and once in the 

autumn before freezing. Central to the current model of plankton communi ty assembly, 

nutr ient up-well ing f rom the seasonal spring mixing is thought to init iate summer plankton 

succession by inducing a spring b loom dominated by phototrophs, fol lowed by a clear-water 

phase dominated by grazers (34). This suggests that spring mixing initiates ice-off succession for 

plankton communit ies, and therefore has implications for their seasonality. 

There is evidence that mixing may init iate seasonal trajectories in freshwater bacterial 

communit ies (20, 30). Addit ionally, water column stability metrics derived from temperature 

measurements have shown to be good predictors of bacterial communi ty composition (20, 28). 

Furthermore, annual mixing regimes, trophic status, and thermal layer (epilimnion or 

hypol imnion) are factors that may determine bacterioplankton response to mixing (e.g. (12,19, 

29)). 

Our previous work suggested that epil imnetic and hypolimnetic bacterial communities 
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differ in how they change after mixing, w i th respect to both pace and direction (27-29), likely 

because the initial community composi t ion in each layer is distinct (15, 29). Competitive 

interactions and environmental f i l ter ing may also influence bacterial community dynamics after 

mixing, such that populations capable of surviving in both the epil imnion and hypolimnion 

environments ("generalists") may be key to community re-assembly that occurs fol lowing 

mixing (27). 

In the current study we sought to separate the hypothesized environmental drivers of the 

bacterial communi ty responses in the epi l imnion and hypolimnion. To accomplish this, we 

enclosed a port ion of the vertical water column, and then, for each treatment, perturbed one 

environmental condition associated w i th lake mixing. We hypothesized that dissolved oxygen 

(DO) drives hypolimnion bacterial dynamics after mixing, while nutr ient upwelling drives 

epi l imnion dynamics. Although many other environmental changes occur during lake turnover 

that could influence bacterial dynamics (such as temperature variation, alternative electron 

acceptor and donor availabilities, and the potential increased exposure of hypolimnion bacteria 

to light), we chose nutrients and DO because previous studies underscored their general 

importance for aquatic communit ies (e.g. (5,15,19)) . We used molecular fingerprinting to 

moni tor the bacterial dynamics and related the observed changes to environmental drivers. A 

companion manuscript addresses the bacterial communit ies' resistance and resilience to these 

experimental disturbances. 

Materials and methods 

Study site 
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North Sparkling Bog is a dimictic, dystrophic bog lake in northern Wisconsin, USA 

(46°00'17.36"N, 89°42'18.11"W, maximum depth 4.5 m, surface area 0.64 ha). During the 

experiment, the epil imnion extended to 2 m depth, and the hypol imnion was below 2 m. An 

instrumented buoy was deployed on North Sparkling Bog during the experiment. Temperature, 

DO, and meteorological data observed every ten minutes at the buoy are available online 

(www.gleon.org). 

Experimental design 

The exper iment was conducted f rom 16 to 26 of June 2008. The experiment included three 

t reatments of three replicates each, as wel l as ambient lake observations. In the first t reatment, 

oxygen was added to the hypolimnion. In the second treatment, nutr ients were added to the 

epil imnion. The third t reatment was a simulated mixing event. We also included a control (i.e. 

an enclosure w i th no treatment) and regular sampling of the ambient lake water outside of any 

enclosure. Throughout this manuscript, we refer to these as "Oxygen", "Nutr ient" , "Mix" , 

"Control", and "Ambient." 

To isolate a volume of the water column for manipulation, twelve "l imnocorrals" were 

constructed as enclosures for the exper iment (7, 33) (Supplemental Fig. 6.1). Each limnocorral 

was cylindrical and extended vertically f rom the surface of the lake to the sediment 

(approximately 4 m). The l imnocorral walls were clear 101.6 micron (4 mil.) polyethylene lay-

flat sheet tub ing (1.27 m diameter by 4 m length, Universal Packaging) supported by hoops. The 

support ing hoops were made f rom high-density polyethylene tubing (Polytechnology) of 1.9 cm 

[% inch) diameter, and were 1.27 m in diameter. The hoops provided structural support at the 

http://www.gleon.org
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top, bot tom, and middle of each l imnocorral. The bot tom hoops were weighted with sand to 

sink slightly into the sediment, acting as a barrier to water exchange between the isolated 

water column and the ambient water. The top hoops of each l imnocorral were framed wi th 

foam float "pool noodles" so that the top of the limnocorrals extended about 30 cm above the 

surface water of the lake, preventing mixing wi th the ambient water. The total volume of each 

l imnocorral was approximately 5,050 L. 

The limnocorrals were deployed on 15 June 2008 because we wanted to allow the 

sediment and water column to stabilize before t reatment on 16 June 2008. The limnocorrals 

were placed in a random spatial arrangement throughout the lake, but all were deployed at a 

maximum depth of 3.25 to 3.5 meters. Some replicates from each t reatment were 

instrumented w i th an in situ chain of HOBO temperature sensors (Onset), and a self-logging DO 

sonde (Yellow Springs Incorporated) was deployed in the hypolimnion (3 m depth) of one 

replicate of each treatment. More thermistors were deployed in the Oxygen and Mix 

t reatments because thermal strati f ication was important for evaluating success of these 

treatments. 

For the Mix t reatment, a 60 cm f lat disk was raised and lowered between 3.5 meters 

depth and the lake surface. Holes were dri l led through the disk surface to increase turbulence 

(25, 26). A brick was tied underneath the disk to maintain horizontal stability. We manually 

oscillated the disk every ten minutes for one hour and then, after a one-hour break, continued 

for an addit ional one hour. Temperature and DO profiles were observed wi th in the limnocorral 

wi th a hand-held probe (Yellow Springs Instruments) during manipulation to observe the mixing 

progress. 
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The goal of the Oxygen t reatment was to aerate the hypolimnion water wi thout 

allowing it to mix wi th the epil imnion. This t reatment was achieved by pumping hypolimnion 

water f rom the bo t tom of the l imnocorral into an external cooler where the water was aerated 

wi th bubble diffusers, and then returned to the bot tom of the l imnocorral (Supplemental Fig. 

6.1). Valves on a compressed air cylinder were used to control the delivery of air to the coolers. 

One cooler was maintained for each replicate limnocorral. Insulated tubing was used to 

transport water . A thermistor was deployed in each cooler to ensure ambient hypolimnion 

temperature was maintained. The water was removed and returned using two linear diffusers 

that were 0.6 m in length, spanning a depth range of approximately 2.5 to 3.1 meters within the 

hypol imnion. The diffusers faced inward w i th 0.5 m fixed distance between them; a plastic 

divider retained this distance. This t reatment was applied continuously for over three hours, 

until DO concentrat ions increased. 

The Nutr ient t reatment was achieved by adding ammonium chloride (NH4CI) and 

potassium phosphate monobasic (KH2P04) as nitrogen and phosphorus sources. These 

compounds were chosen because they are commonly bioavailable sources of nutrients (e.g. 

(31)). Phosphorus was added to the epi l imnion to achieve a final concentrat ion of 3 ug P/L, 

which was approximately the average concentrat ion expected in the mixed water column. This 

value was based on nutr ient analyses f rom integrated water collected on 09 June 2008 in North 

Sparkling Bog, a week prior to experiment start. Similarly, nitrogen was added to achieve a final 

concentration of 70 ug N /L. The l imnocorral 's epil imnion volume (0-2 m integrated depth) was 

calculated to be 2520 L, and we used the molar mass to determine the amount of each nutrient 

added to the epi l imnion to achieve the expected mixed concentration. Dry chemicals were 
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dissolved into to 500 mL of surface water f rom each limnocorral, and then added into each 

epil imnion separately. 

The Control limnocorrals were left undisturbed. To prevent internal mixing f rom 

equipment removal, all tubing was left inside the limnocorrals until the experiment ended. 

Sample collection 

Integrated epi l imnion (0 to 2 m) and integrated hypolimnion (2 m to just above sediment) 

water samples were collected inside each l imnocorral, as well as in ambient lake water. A 3.18 

cm diameter polyvinyl chloride pipe w i th valves was used for water collection. The pipe was 

rinsed wi th lake water between samples. Samples were collected immediately after t reatment 

was ended on 16 June 2008 (Day 0, approximately 17:00 hours), and then on June 17 (Day 1), 

18 (Day 2), 19 (Day 3), 20 (Day 4), 21 (Day 5), 23 (Day 7), and 26 (Day 10). Manual temperature 

and DO profiles of each limnocorral and the ambient water were observed using a hand-held 

probe (YSI 550A and 55, Yellow Springs Instruments). Water for bacterial community analyses 

was immediately f i l tered onto 0.22 urn polyethersulfone filters (Pall) and frozen at -20°C until 

further processing. Additional water was preserved for water chemistry analyses on Days 0, 2, 

4, 7 and 10. Water chemistry was analyzed according to North Temperate Lakes Long Term 

Ecological Research standard protocols at the University of Wisconsin-Madison Center for 

Limnology (www.lter. l imnology.wisc.edu). 

Bacterial community fingerprinting with ARISA 

Total DNA was extracted from filters using the FastDNA extraction kit (MP Biomedicals), and 

http://www.lter.limnology.wisc.edu
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quantif ied w i th a NanoDrop spectrophotometer (Thermo Scientific). Five to 10 nanograms of 

extracted DNA were amplif ied during polymerase chain reaction (PCR) using a thermocycler 

(Eppendorf). In addi t ion to the DNA, the PCR mixture contained 2.5 [ i l of buffer (Idaho 

Technology), 1.0 uL of 10 nM each of the FAM-labeled forward universal pr imer 1406 (5'-

TGYACACACCGCCCGT-3') and the reverse bacteria-specific primer 23Sr (5'-

GGGTTBCCCCATTCRG-3'), 0.25 \xi o fTaq polymerase, 1.25 j iLof 5 m M dNTPs, and sterile water 

to a final volume of 25 ^L. The amplif ication included an initial 2 minute denaturat ion at 94°C, 

30 second denaturat ion at 94°C, 45 annealing at 55°C, and a 1 minute extension at 72°C. The 

cycle was repeated 29 times, wi th a final hold at 4°C. PCR product was di luted 1:1 in sterile 

water before the ARISA fragments were separated via capillary electrophoresis on a 3730xL ABI 

analyzer at the University of Wisconsin-Madison Biotechnology Center. An internal ROX-labeled 

size standard (BioVentures, Inc) was used to determine the size of the resulting fragments. 

GeneMarker (SoftGenetics) was used to quality control each ARISA fingerprint, and also 

to determine bins for analysis because of PCR and capillary-to-capillary variation inherent in the 

analyses (11). Signal peaks were determined f rom baseline noise using the R software for 

statistical comput ing (24) and placed into the appropriate bins. From the pool of all potential 

signal peaks, all peaks above the mean by at least two standard deviations were determined to 

be signal and selected f rom the pool. After these selected peaks were removed, a new mean 

height was determined f rom the remaining pool of peaks, and all peaks that were at least two 

standard deviations about this new mean were selected to be signal and removed from the 

analysis. This i terat ion continued until no peaks were found to be greater than two standard 

deviations above the mean, and therefore the remaining peaks were considered noise (1, 14). 
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Quality control and transformation of environmental variables 

Three environmental observations were detected as statistical outliers using the Extreme 

Studentized Deviate test (a.k.a Grubbs' test, (9)), at significance levels of p < 0.05, and because 

there were environmental replicates available, these outliers were excluded f rom further 

analyses. The outl iers included one replicate of each of the following: total organic carbon from 

Control Epilimnion on Day 10, dissolved total ni trogen from Control Hypolimnion on Day 2, and 

dissolved total phosphorus f rom Control Hypol imnion on Day 2. Less than 5% of the water 

chemistry observations were missing (7 missing out of 1,152 total water chemistry 

observations), and thus the missing data est imat ion tool was used to estimate the values of 

these samples before proceeding wi th analysis. Draftsmans plots of all variables indicated a log 

(x+1) t ransformat ion was necessary in order to maintain assumptions of normal distribution. 

Data analyses 

Average stratum temperature and DO values were calculated f rom manual profi le observations 

in each l imnocorral. All water chemistry variables (average integrated epi l imnion or 

hypolimnion temperature, DO, total nitrogen, tota l phosphorus, dissolved total phosphorus, 

dissolved total nitrogen, water color, dissolved organic carbon, dissolved inorganic carbon) 

were normalized in preparation for principle components analysis (PCA). A Euclidean distance 

resemblance matr ix was calculated for analysis of similarity (ANOSIM). ANOSIM was performed 

to determine if there were statistically significant distinctions between treatments. ANOSIM 

returns a permutat ion-derived p - value as well as an R statistic, where a higher R indicates a 
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stronger distinction between the mean centroid and/or dispersion of the groups. These 

analyses were per formed using the PRIMER v6 software (2) and the R environment for 

statistical comput ing (24). 

ANOSIM also was used to test for differences in BCC among treatments. We classified 

expected results groups (Fig. 6.1) based on our hypotheses that DO drove bacterial community 

dynamics in the hypol imnion during mixing, and that nutrients drove dynamics in the 

epil imnion. If these hypotheses were true, we wou ld expect the hypolimnion communit ies in 

the Mix and Oxygen t reatments to respond similarly and be representative of the hypolimnion 

community in a mixed lake ("Mixed" hypol imnion expected results group), and the same for the 

Mix and Nutr ient t reatments for the epil imnion communit ies ("Mixed" epi l imnion expected 

results group). We also would expect the untreated strata to resemble communit ies in a 

stratif ied lake ("Strat i f ied" hypolimnion and epi l imnion expected results groups). For all BCC 

ANOSIMs, a resemblance matrix of pair-wise Bray-Curtis similarities was calculated. To observe 

BCC patterns across t reatments, replicates were averaged and non-metric mult idimensional 

scaling was per formed using Bray-Curtis similarities in PRIMER. 

To determine the influence of the environmental variables on the BCC, a Mantel test 

was performed in the R environment for statistical computing using the vegan package (21). 

The input distance matrices were based on Bray-Curtis similarity for the BCC, and Euclidean 

distance for the water chemistry. To correlate the water chemistry to the variation in BCC, 

unconstrained correspondence analyses were performed on each t reatment and thermal layer, 

and then the water chemistry was correlated to the variation explained by the first axis. These 

analyses were per formed in Canoco for Windows v. 4.5, and the correlations values given are 
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CorE from Canoco (32). The first axis in these analyses explained the most communi ty variation. 

A heatmap was constructed to explore the patterns of OTU occurrences within each treatment. 

This was constructed in the R environment for statistical computing (24). 

Results 

Our experiment included three treatments, an untreated Control, and ambient lake 

water observations. The "Mix " t reatment was imposed by physically mixing the water column. 

The "Oxygen" t reatment was an oxygen amendment to the hypolimnion using bubble diffusers 

that delivered compressed air w i thout disrupting thermal stratification. The "Nutr ient" 

t reatment was an amendment of nitrogen and phosphorus to the epilimnion. Each treatment 

was performed in tr ipl icate. Day 0 refers to the day of t reatment, and each day number was a 

recovery day post- t reatment. Figure 6.1 depicts the experimental design (see Methods for 

details) and Supplemental Figure 6.1 shows a schematic of the enclosure (limnocorral). 

Controls resembled ambient environmental conditions 

Generally, there were high correlations between the Control and ambient 

environmental condit ions, suggesting a l imited "bag ef fect" in our experiment. Most measured 

water chemistry variables were highly correlated (0.76 < r < 1.00) between ambient and 

control. Exceptions were dissolved organic carbon and dissolved inorganic carbon, which were 

correlated wi th r= 0.69 and 0.32, respectively. Analysis of similarity (ANOSIM) of the suite of 

environmental measurements showed no significant differences in the environmental 
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conditions of the control versus the ambient epi l imnion or hypolimnion (ANOSIM control to 

ambient epi l imnion R = 0.28 , p = 0.07; hypol imnion R = 0.15, p = 0.17). 

Treatments simulated mixed environmental conditions 

The experimental goal was to compare the environmental and bacterial communi ty 

responses in the Nutr ient and Oxygen treatments to the Mix t reatment and to the Control. 

First, we compared the Mix and Oxygen hypolimnia to determine if the oxygen amendment 

created similar environmental conditions as physically mixing the water column. The Mix 

t reatment disrupted thermal stratif ication wi th in the limnocorrals, (Fig. 6.2a), increased the DO 

in the hypolimnion, (Fig. 6.2e), and increased total nitrogen and phosphorus levels in the 

epil imnion (Fig. 6.3a and 6.3b). The Oxygen t reatment maintained thermal stratif ication (Fig. 

6.2c) and low nutr ient concentrations (Fig. 6.4a and 6.4b), but increased DO in the hypolimnion 

(Fig. 6.2g). Notably, the Oxygen and Mix t reatments did not result in hypol imnion DO 

concentrations of comparable magnitude (maximum DO concentrations: Oxygen = 6.4 mg/L, 

Mix = 3.7 mg/L). 

Next, we compared the Mix and Nutr ient epil imnia to determine if the nutr ient 

amendment st imulated similar environmental condit ions as the physically mixed water column. 

The Nutrient t reatment maintained thermal stratif ication (Fig. 6.2b) and low DO in the 

hypolimnion (Fig. 6.2f), and had elevated epi l imnion nutr ient concentrations (Fig. 6.3a and 

6.3b). The total phosphorus and nitrogen concentrations in Nutrient and Mix t reatments were 

not significantly d i f ferent by a t-test (p = 0.67 and 0.35, respectively), while both were different 

f rom the Oxygen t rea tment (nitrogen and phosphorus t-tests all p < 0.005). Across treatments, 



diel surface (0.5 m depth) temperature f luctuations are apparent in Figure 6.2 panels A, C, and 

D. 

A principal components analysis was performed on water chemistry to explore for 

environmental patterns among treatments (Fig. 6.5a). As observed in previous studies (29), 

epil imnion and hypol imnion environmental parameters were strongly distinct (ANOSIM R=0.64, 

p<0.001). ANOSIM was used to test for differences among treatment groups (Table 6.1, upper 

diagonal). The environmental observations expected to resemble a stratified epil imnion (see 

Methods and Fig. 6.1) were distinct f rom those expected to resemble a mixing epil imnion 

(ANOSIM R=0.29, p<0.001), and the same distinctions were observed between "strat i f ied" and 

"mixing" hypol imnion (ANOSIM R= 0.16, p<0.001). 

Table 6.1. Analysis of similarity (ANOSIM) R values for distinguishing among expected 
treatment groups, where a higher R value indicates a stronger differences between groups. 

All p <0.001. 

Stratified E Stratif ied H Mixed E Mixed H 
Stratif ied Ea 0.85° 0.29 0.70 
Stratif ied Hb 1.00d 0.69 0.16 
Mixed E 0.13 0.84 0.50 
Mixed H 0.79 0.34 0.43 

aE is epi l imnion 
bH is hypol imnion 

cUpper diagonal values are differences in environmental conditions 
dLower diagonal values are differences in community composit ion 

Nutrient and oxygen amended bacterial communities were similar to mixed bacterial 

communities 

We focused our presentation of results on comparisons between treatments that were 

designed to identify drivers of community change after mixing, including the Mixed versus the 
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Oxygen hypol imnion, and the Mixed versus the Nutr ient epil imnion. To explore for patterns in 

our dataset, we compared bacterial community composit ion (BCC) across categorical 

treatments, replicate l imnocorrals, and "expected results" groups (see Fig. 6.1) using non-

metric mult idimensional scaling analysis and ANOSIM (Fig. 6.5b and 6.6). We observed a strong 

BCC distinction between the epi l imnion and hypol imnion across all treatments (ANOSIM R= 

0.78, p<0.001), as shown in other work (e.g.(29)). We used ANOSIM to test if the expected 

results categories were distinct (Table 6.1 lower diagonal, Fig. 6.6). Those communit ies 

expected to be more composit ionally different, such as the Stratified epil imnion and 

hypolimnion, were distinct; those expected to be less dif ferent, such as the Mixed epil imnion 

and hypolimnion, were not strongly distinct. 

Environmental drivers of bacterial community composition following mixing 

A Mantel test between the environmental measurements and the BCC associated wi th each 

observation revealed a moderate but significant correlat ion (r = 0.38, p < 0.0009). We further 

explored the contr ibut ion of each environmental parameter to the observed variation by 

correlating the measured water chemistry to the variat ion in BCC (CorE in the CANOCO 

software, Table 6.2). Water temperature was most strongly correlated to epil imnion 

community variation, but the Mix and Nutrient epi l imnion treatments had strong correlations 

wi th dissolved inorganic carbon (likely as carbon dioxide, a by-product of respiration) and 

moderate correlations w i th total nitrogen and phosphorus. The Mixed, Nutrient, and Oxygen 

treatments also had strong correlations wi th epi l imnion oxygen concentrations. 
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Table 6.2. Correlations of measured water chemistry to bacterial community variation. 

Epilimnion Hypolimnion 
Mixed3 Control Ambient Nutrient Oxygen Mixed Control Ambient Nutrient Oxygen 

Total 0.62 0.20 0.08 -0.34 -0.66 0.64 -0.77 -0.75 -0.12 0.32 
nitrogen 
Total 0.65 0.15 -0.35 -0.28 -0.03 0.75 -0.78 -0.88 0.26 0.51 
phosphorus 
Dissolved 0.85 0.19 0.83 -0.61 0.73 0.31 0.67 0.95 -0.38 -0.11 
organic 
carbon 
Dissolved 0.85 -0.45 -0.64 -0.86 0.52 0.23 -0.73 -0.44 -0.16 0.46 
inorganic 
carbon 
Dissolved 0.57 0.05 -0.22 -0.86 -0.53 -0.07 -0.28 0.09 -0.52 -0.02 
nitrogen 
Dissolved 0.39 -0.22 -0.89 -0.53 -0.07 -0.28 -0.45 -0.40 -0.25 -0.22 
phosphorus 
Water -0.88 0.71 -0.93 0.87 -0.84 0.36 0.95 -0.87 0.47 -0.51 
temperature 
DO -0.82 -0.28 0.45 0.71 -0.73 -0.29 0.70 -0.36 0.21 -0.50 
CA axis 1 % 47.3 39.7 47.2 41.7 48.2 34.1 48.6 64.8 21.7 24.0 
species-
environ. 
Variance 

aShading denotes comparisons of treatments expected to be similar within a thermal layer. 

In the hypol imnion, DO concentration was correlated more strongly to the Oxygen BCC 

than the Mixed BCC. Total nutr ient correlations also were moderate to strong in the Mix and 

Oxygen treatments. In the hypol imnion, Control and Ambient BCC were correlated to almost 

measured environmental variable, suggesting that in the absence of strong environmental 

gradients (Fig. 6.3, see Control and Ambient), these correlation values become less informative 

(i.e. if nothing is changing, then all the variables have equal explanatory value). 
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Bacterial OTUs associated with treatments 

To determine if populat ion-level changes played a role in the emergent community response, 

we next asked which bacterial OTUs (defined by ARISA amplicon length) were associated wi th 

particular treatments. To accomplish this, we created a heatmap of the relative abundances of 

every observed OTU in the t ime series (Fig. 6.7). We classified observations by their expected 

environmental condit ion (mixed or stratified) fol lowing t reatment. Not surprisingly, Figure 7 

reveals that most of the observed OTUs were rare (observed in low relative abundance or 

infrequently in the dataset). Among the more dominant OTUs, the absence of particular OTUs 

(with "absence" implying that an OTU was below our detect ion limit) defined overall BCC 

differences between expected response groups. For example, many of the Stratified epi l imnion 

observations generally lacked OTUs f rom cluster A in Figure 6.7, while these OTUs were present 

in the Mixed epil imnion and most of the hypolimnion observations. These OTUs may be 

hypolimnion-associated taxa, or taxa capable of rapid growth in environments where nutr ients 

are not limiting. Similarly, Stratif ied hypolimnion observations generally lacked many of the 

OTUs in the cluster B in Figure 6.7, while we detected most of these in the Mixed hypol imnion 

observations (with the exceptions of OTUs 583 and 797). The OTUs in this cluster may be 

epilimnion-associated OTUs or OTUs capable of growth in aerobic conditions in the 

hypol imnion environment. Finally, this cluster analysis reveals candidate OTUs that may be 

capable of serving as post-mixing pioneers in communi ty assembly, such as OTUs 596, 559, and 

598 (cluster C in Fig. 6.7). These OTUs defined a cluster of treatments that simulated mixed 

epi l imnion and hypol imnion condit ions, but also occur in the stratified conditions of each layer. 
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Discussion 

Mixing and nutrient amendment to the epilimnion 

Excess nutrients are typically considered to promote bacterial growth during temperate 

lake mixing. A previous study examined food-web interactions between plankton communit ies 

in a similar mixing manipulat ion (33). The authors observed a general increase in phytoplankton 

and bacterial abundance, and a differential response among zooplankton populations. They 

at t r ibuted the increase in bacterial abundance to the higher concentrations of nutrients up-

wel led f rom the hypol imnion (as measured by ammonium, nitrate, and soluble reactive 

phosphorus concentrations), and possibly to increased phytoplankton exudates (not 

measured). We observed decreases in dissolved phosphorus and nitrogen through t ime in the 

Nutr ient epil imnion. Since hypol imnion dissolved nutr ient concentrations did not inversely 

correlate wi th epil imnion concentrations, we can deduce that the nutrients were not sinking 

into the hypolimnion, but were used by the epil imnion plankton. We can infer that these 

changes could be driven by the uptake of available nutr ients by epil imnion plankton. 

The number of t rophic levels in the epil imnion plankton food web (including 

zooplankton predators, phytoplankton and bacteria phototrophs and bacteria heterotrophs) 

presents a challenge for interpret ing the direct impacts of the nutr ient addition on BCC. The 

more trophic levels exist, the more diff icult direct and indirect effects are to distinguish. For 

example, an indirect effect would be if the nutrients had st imulated phytoplankton growth, 

result ing in increased exudates that were then consumed by heterotrophic bacteria. The added 

nutr ients could have also been consumed directly by heterotrophic bacteria. Despite the 

complexity of trophic level interactions, the nutr ient amendment ultimately resulted in changes 
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in the BCC (see companion manuscript for an analysis of step-wise changes in BCC), though the 

aggregate ANOSIM between the t w o groups was not significant. This suggests that whether by 

direct or indirect methods, increased nutrients to the epi l imnion during mixing initiated a 

subsequent response. Further work is needed to determine whether the epil imnion BCC 

changes were in direct reaction to the nutr ient amendment, or if phytoplankton responded first 

and triggered a change in BCC. We hypothesize that some bacterial OTUs (such as phototrophs 

or exudate-reliant taxa) wil l be directly linked to phytoplankton responses (17), while others 

wil l behave independently. 

Mixing and oxygen amendment to the hypolimnion 

In a stratif ied water column wi th high rates of respiration in the hypolimnion, DO 

commonly structures bacterial communit ies (e.g.(6, 18)). This can be explained based on 

physiological requirements that restrict certain bacterial populations to specific DO 

concentrations, such as obligate anaerobic or microaerobic species (4). In the Oxygen 

t reatment , it is plausible that the increased hypolimnion DO concentration stressed or killed 

oxygen-intolerant bacterial populations. Alternatively, populations tolerant of a range of DO 

may have been granted a compet i t ive advantage given even a briefly aerobic environment. 

The clear overlap in bacterial populations shared across the Mix and Oxygen t reatments 

in the cluster analysis suggests that the addition of oxygen to the hypolimnion, whether by 

mixing or by aeration, directly changed the bacterial community. This may be due to fewer 

trophic levels in the hypol imnion (e.g. no phototrophs) that al lowed for a straightforward 

response, as well as the clear role of oxygen in structuring the hypolimnion BCC. 
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Towards a mechanistic framework for bacterioplankton responses to lake mixing 

Previous experimental research had begun to decipher the responses of various 

plankton species to lake mixing (3, 23, 33), though bacterioplankton were not highlighted in 

these studies. Pannard (23) and Diehl (3) both focused on the response of phytoplankton 

communit ies, and Wei thof f (33) observed changes in zooplankton and phytoplankton 

communit ies that were coupled w i th bulk bacterioplankton biomass. By observing the response 

of the bacterial communit ies to mixing and mixing-associated environmental conditions in 

control led enclosures, we sought to fill the gaps in our understanding of lake mixing 

implications for the bacterial components of plankton food webs. 

Our results provide insight into the mechanisms control l ing community reactions to 

nutr ient or oxygen amendments. In both the Nutrient and Oxygen treatments, strong responses 

were observed in overall BCC. After observing these t reatment effects, we could begin to 

deduce the mechanisms of those composit ional changes by considering the other measured 

but not directly manipulated environmental variables. The environmental correlations to 

communi ty variation revealed that phosphorus and nitrogen were equally correlated to 

hypol imnion community variat ion as DO. This suggests that increased oxygen may have 

st imulated nutr ient uptake. In the epil imnion, BCC variation was strongly correlated to the 

products of photosynthesis and respiration (DO and dissolved inorganic carbon), suggesting 

that the nutr ient amendment may have stimulated primary production. Oxygen and nutrients 

had inverse relationships in both the epil imnion and hypol imnion (high oxygen co-occurred 

wi th low nutrients or vice versa), support ing this hypothesis. 
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Finally, the results of the cluster analysis revealed that there were OTUs characteristic of 

both mixed and stratif ied condit ions wi th in each layer, suggesting that composition plays a 

fundamental role in the post-mixing dynamics. This supports the findings of a previous 

transplant experiment that suggested that there are layer-specific OTUs as well as "generalist" 

OTUs capable of existing in either the epi l imnion or hypolimnion (27). After this transplant 

experiment, we hypothesized that generalist OTUs may be responsible for initiating post-mixing 

assembly. There are numerous biological traits that could advantage post-mixing generalists, 

such as physiological plasticity or the effective short-term stress response. The OTUs shared by 

the Mixed epil imnion and Mixed hypol imnion groups (but excluded from the Stratified groups) 

are candidates for pioneer OTUs in ini t iat ing post-mixing succession, similar to the generalists 

of the previous transplant experiment. OTUs 596, 559, and 558 in cluster c of Figure 6.7, for 

instance, are possible generalists because they occurred in mixed communities and also in both 

epi l imnion and hypolimnion strat i f ied communit ies. Because this experiment did not restrict 

the OTUs to either layer as in (27), it is unlikely that OTUs persisted in these environments 

because they were unable to return (swim or be transported by water movement) to conditions 

more favorable for growth. It is also unlikely that interactions among co-occurring OTUs were 

constrained because of a restricted spatial environment. Therefore, the results of this 

experiment build on the previous one by permit t ing the interplay of both environmental 

f i l ter ing and community-level interactions. This interplay was revealed in the aggregate 

communi ty responses to the manipulated environmental conditions coupled wi th the mixing 

and strati f ied specific OTUs observed in the cluster analysis. 
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Caveats 

As w i th any study of microbial ecology, our view of the bacterial communi ty is biased by our 

methods. DNA extraction polymerase chain reaction primer biases can lead to 

misrepresentation of OTUs that have DNA diff icult to recover f rom the sample or low affinity 

for the primers. Because ARISA is based on length variability in the 16S- 23S rRNA intergenic 

spacer, the same size fragment may represent multiple taxa. Oppositely, one taxon may have 

mult iple rrn operons, leading to an over representation in the communi ty profile. Despite these 

biases, it has been shown that ARISA is appropriate for examining bacterial community 

dynamics (8), and that ecological patterns are upheld despite the use of different primers (16). 
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Figure 5.2. 
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Figure 6.1. Expected results groups after t reatment . We classified expected results groups 

based on our hypotheses that DO drove bacterial community dynamics in the hypolimnion 

during mixing, and that nutrients drove dynamics in the epilimnion. If these hypotheses were 

true, we would expect the hypol imnion communit ies in the Mix and Oxygen treatments to 

respond similarly and be representative of the hypolimnion community in a mixed lake 

("Mixed" hypol imnion), and the same for the Mix and Nutrient t reatments for the epilimnion 

communit ies ( "Mixed" epil imnion). We also wou ld expect the untreated strata to resemble 

communit ies in a stratif ied lake ("Strati f ied" hypol imnion or epil imnion). 
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Figure 6.2. Evidence that the treatments altered the chemical and physical environment of the 

water column to resemble a mixed environment. Panels a-c contain thermal profiles of 

representative l imnocorrals, as measured by in situ thermistors that logged temperature every 

three minutes at 0.5, 1, 2, and 3 m f rom the surface in the Mix, Oxygen, and Ambient 

treatments, and at 1 and 3 m in the Nutr ient t reatment. Day 0 is the day of t reatment, 16 June 

2008. Panel d is the ambient water temperature at the same depths, as observed at ten-minute 

intervals by an instrumented buoy. Panels e-g present dissolved oxygen (DO) measured by 

sondes deployed at 3 meters from the lake surface to observe hypolimnion oxygen dynamics, 
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logged every ten minutes. Panel h presents DO measured using a hand-held probe in the 

ambient lake at 3.5 m depth. 
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Figure 5.2. 
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Figure 6.3. Mean epi l imnion nutr ient and carbon concentrations for each t reatment . "Amb." is 

ambient epi l imnion. Error bars are standard deviation. Error bars are not given for ambient 

because only one observation was collected per t ime point. 
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Figure 6.4. Mean hypol imnion nutr ient and carbon concentrations for each t reatment. "Amb." 

is ambient hypolimnion. Error bars are standard deviation. Error bars are not given for ambient 

because only one observation was collected per t ime point. 
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Figure 5.2. 
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Figure 6.5. Panel A is a principal components analysis of water chemistry associated wi th 

observations on days 0, 2, 4, 6, and 10 of the experiment. Water chemistry was measured from 

integrated epi l imnion and integrated hypol imnion water, collected f rom each l imnocorral. 

Observations were classified by expected results groups (Fig. 6.1). Environmental variables 

included in this PCA were average stratum temperature and DO calculated f rom manual 

profiles, total dissolved organic (TOC) and inorganic carbon (TIC), total phosphorus (TP) and 

nitrogen (TN), dissolved tota l phosphorus (DTP) and nitrogen (DTN), and water color. Panel B is 

a non-metric mult idimensional scaling ordinat ion of bacterial communities averaged across 

replicates and classified by expected results groups. Environmental conditions and bacterial 

communit ies each were significantly distinct by analysis of similarity (see Table 6.1, Fig. 6.6). 
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Figure 5.2. 
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Figure 6.6. Analyses of similarity (ANOSIM) results to determine differences in BCC across 

treatments. For each group label, the first letter is the treatment (Oxygen, Nutrient, Mix, 

Control, or Ambient), and the second letter is the thermal stratum (epilimnion or hypolimnion). 

High R statistics indicate greater compositional differences, where 1 is complete separation. 

Negative R statistics indicate communities are more similar across groups than within groups. 

All analyses with asterisks were significant at p<0.005. 
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Figure 5.2. 

E x p e c t e d g r o u p s 
i M i x e d E ( M E , N E ) 
I S t r a t i f i e d E ( O E , A E , C E ) 

M i x e d H ( M H , O H ) 
I S t r a t i f i e d H ( N H , A H , C H ) ftl ft rFftTfrfln (Tffrfrn W n ^ ? 

0 0.05 0.15 0.25 FUalKie abundance 
n i n' i 'n i 

Figure 6.7. Heatmap and cluster analysis of all observed OTUs across all treatments during the 

experiment. For each y-axis observation label, the first letter is the treatment (Oxygen, 

Nutrient, Mix, Control, or Ambient), and the second letter is the thermal stratum (epilimnion or 

hypolimnion), and the number is the experimental day of the observation. Observations are 

color coded by their expected response group (see Fig. 6.1). Each x-axis observation is a 

different OTU by ARISA fragment length. 
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Supplemental Figure 6.1. 

Top view 

Supplemental Figure 6.1. Schematic of the general limnocorral design, and of the Oxygen 

treatments' water (open arrows) and air movement (solid arrows). All limnocorrals had the 

three structural support hoops, plastic lay-flat sheet tubing, surface floats and weighted tubes. 

In the Oxygen treatment, we aimed to aerate the hypolimnion water without disrupting vertical 

thermal stratification. To accomplish this, hypolimnion water integrated between 2 and 3.5 m 

was pumped from the limnocorral in insulated tubing, and aerated in an external cooler. The air 

was delivered to each cooler via a pressurized tubing line from a SCUBA tank. The water was 
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then returned gently to the hypolimnion using a second diffuser. Inset photo is a top view of 

one of the Oxygen limnocorrals. 
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Aquatic bacterial communities exhibit low resistance and high resilience after disturbance: a 

limnocorral experiment, Part 2 

Submitted; authors: Shade, A., J.S. Read, D. G. Welkie, T.K. Kratz, C. H. Wu, and K. D. McMahon. 
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Abstract 

Understanding community variation and stability are important for predicting how the 

community will respond to disturbance. For aquatic microbes, water column mixing acts as a 

disturbance because it homogenizes thermal and chemical gradients known to define the 

distributions of microbial species. Our objective was to characterize aquatic bacterial 

community stability by quantifying resistance, recovery, and resilience to an episodic 

disturbance event. To accomplish this, we designed an enclosure experiment with four separate 

treatments. Each of three treatments was a controlled pulse disturbance of an environmental 

variable associated with lake mixing, and one treatment served as a control. We used 

automated intergenic ribosomal spacer analysis to observe bacterial community dynamics over 

ten days. All treated communities changed after disturbance, as analyzed by Bray-Curtis 

similarities, and this indicated low resistance. However, the communities generally matched 

the control composition by the tenth day after treatment, suggesting rapid recovery. We 

determined community resilience by comparing the linear model slopes of pair-wise 

community similarity indices regressed against time between observations. Epilimnion 

communities were generally more resilient (returned faster to their control composition) than 

hypolimnion. Our results demonstrate high bacterial community stability and unexpected 

determinism in the community response to disturbance. We propose that our method of 

calculating resilience (pair-wise similarities over time) is useful for making cross-system 

comparisons. From our results, we suggest that microbial communities can be used as models 

to achieve controlled experiments of ecological principles, and can thereby advance theoretical 

frameworks for both large-scale and microbial systems. A companion paper aimed to separate 



the influences of lake-mixing associated environmental drivers on bacterial community 

dynamics, addresses the community responses in each treatment to the manipulated 

environmental conditions. 
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Introduction 

Resistance, recovery, and resilience are components of system stability (17). Resistance is 

a community's ability to remain unchanged when challenged with disturbance. Recovery is a 

community's ability to return to its pre-disturbance composition or function, and resilience is 

the rate at which this return occurs. We know little about these components of stability in 

microbial systems (3). This is in part because few studies follow a time course of the microbial 

community after disturbance, and instead focus on the community sensitivity or immediate 

response to perturbation (as previously noted by (2)). Our understanding of microbial 

community stability hinges on our ability to 1) design appropriate longitudinal studies, and 2) 

develop a direct method for comparing results across various ecosystems and community 

fingerprinting techniques. 

In aquatic systems, a few natural experiments have provided evidence of high microbial 

community stability. In two separate studies of aquatic microbial communities challenged with 

sudden storm-mediated disturbance, low resistance and rapid resilience were observed (12, 

24). The first study focused on composition, where multiple pulse typhoon disturbances in a 

small lake in Taiwan "re-set" the bacterial community in the surface (epilimnion) and bottom 

(hypolimnion) of the lake, initiating a repeatable community trajectory (Jones et al. 2008). The 

second study focused on function, where a hurricane disturbance to a cyanobacterial mat 

resulted in maintenance of normal nitrogen fixation levels despite a shift in community 

composition, as measured by clone-library analyses (Yannarell et al. 2007). These natural 

disturbance experiments led us to hypothesize that aquatic microbial communities are 

deterministic, and may therefore serve as desirable models for testing ecology theory. 
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Therefore, we designed a mesocosm experiment of disturbance and compositional stability 

using lake bacterial communities as our model. Our goal was to characterize aquatic bacterial 

community stability by quantifying resistance, recovery, and resilience to a pulse disturbance 

event. 

Water column mixing was our model disturbance event. In temperate lakes, water 

column mixing is an important disturbance that has implications for seasonal and spatial 

microbial patterns. In a thermally stratified lake, the upper layer (epilimnion) is considered to 

be well-mixed, and have relatively higher dissolved oxygen because of photosynthesis, and 

higher but more variable temperature because of day time heating and night time cooling. The 

lower thermal layer (hypolimnion) is considered to include multiple strata of decreasing 

temperature and, often, dissolved oxygen concentration with depth. This is because respiring 

microbes in the hypolimnion preferentially consume oxygen before switching to other available 

terminal electron acceptors. In some lakes, oxygen is depleted and hypolimnion gradients of 

less-energetically favorable electron acceptors form. The hypolimnion is also considered to be 

relatively less limited in nutrients than the epilimnion because biomass from the epilimnion 

sinks and decomposes in the hypolimnion. Water column mixing homogenizes these vertical 

physical and chemical gradients known to structure microbial communities (14, 21). Mixing also 

typically occurs within a seasonal context, as many temperate lakes mix twice annually, once in 

the spring after ice-off, and once in the autumn before freezing. 

Here we present results from a ten-day enclosure experiment. We challenged lake 

bacterial communities with treatments relating to mixing disturbance and hypothesized drivers 

of community change within each thermal layer: oxygen addition to the hypolimnion, nutrient 
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addition to the epilimnion, and manual mixing. Analyses of environmental drivers of bacterial 

communities, and of the overall treatment effects of our experiment are presented in a 

companion manuscript. Analyses of stability and bacterial community dynamics following 

treatment are presented in the current manuscript. 

Materials and methods 

Experimental design 

The study site, North Sparkling Bog, and experimental design are described in our companion 

manuscript. Briefly, the experiment included four treatments of three replicates each, as well as 

ambient lake observations. In the first treatment, oxygen was added to the hypolimnion. In the 

second treatment, nutrients were added to the epilimnion. The third treatment was a 

simulated mixing event, and the fourth was a control. Throughout this manuscript, we refer to 

these as "Oxygen", "Nutrient", "Mix", and "Control." From these treatments, we had expected 

results groups based on our hypotheses that dissolved oxygen drove bacterial community 

dynamics in the hypolimnion during mixing, and that nutrients drove dynamics in the 

epilimnion. If these hypotheses were true, we would expect the hypolimnion communities in 

the Mix and Oxygen treatments to respond similarly and be representative of the hypolimnion 

community in a mixed lake ("Mixed" hypolimnion expected results group), and the same for the 

Mix and Nutrient treatments for the epilimnion communities ("Mixed" epilimnion expected 

results group). We also would expect the untreated strata to resemble communities in a 

stratified lake ("Stratified" hypolimnion and epilimnion expected results groups). Table 7.1 

provides a summary of the expected results groups to assist in interpreting the results. 
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Table 7.1. Treatments and expected response groups. 

Treatment Stratum (abbreviation) Expected response group 
Oxygen 
Hypolimnion aeration 

Epilimnion (OE) Stratified epilimnion Oxygen 
Hypolimnion aeration Hypolimnion (OH) Mixed hypolimnion 
Nutrient 
Epilimnion nutrient addition 

Epilimnion (NE) Mixed epilimnion Nutrient 
Epilimnion nutrient addition Hypolimnion (NH) Stratified hypolimnion 
Mix 
Water column mixing 

Epilimnion (ME) Mixed epilimnion Mix 
Water column mixing Hypolimnion (MH) Mixed hypolimnion 
Control 
No treatment 

Epilimnion (CE) Stratified epilimnion Control 
No treatment Hypolimnion (CH) Stratified hypolimnion 
Ambient Epilimnion (AE) Stratified epilimnion Ambient 

Hypolimnion (AH) Stratified hypolimnion 

Data analyses 

In our experiment, temporal dynamics of the bacterial communities were of interest for 

comparing the rates of change, and by extension, temporal components of community 

response to disturbance such as resistance and resilience. For each treatment, the RELATE test 

in PRIMER was used to determine if there was evidence of temporal seriation (5, 6). RELATE is a 

permutation-based test that returns a Rho statistic and a p-value, where high Rho indicates 

stronger evidence of data in a series. 

Resistance is the degree to which a community remains unchanged when challenged 

with a disturbance (i.e. (1, 2)). The Bray-Curtis distance between the untreated Control 

communities and the treatment communities on day 0 was our metric for bacterial community 

resistance. Day 0 of the experiment was the day of treatment, and observations on this day 

were collected immediately after treatment ceased. 

Because aquatic bacterial communities may change quickly with seasonal drivers, (13, 
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19, 21) we wanted to account for succession that may have occurred during the experiment, 

but was not necessarily directly due to treatment. To do this, recovery was determined by 

comparing each treatment community to its respective (epilimnion or hypolimnion) control 

community on day 10 by Bray-Curtis similarity. 

Finally, to determine the bacterial community rate of change (resilience) within a 

treatment, a linear model was fit to all pair-wise Bray-Curtis similarity indices regressed against 

the days between observations. The slope of the regression was the rate of change for that 

treatment, and a "steeper" slope (larger absolute value) was indicative of a more rapidly 

changing community. The slope was our rate of change metric of bacterial community 

resilience. All linear models were fit in the R environment for statistical computing (18). 

Results 

Our experiment included three treatments during which we manipulated one aspect of 

water column mixing, as well as an untreated Control. The Mix treatment was manual mixing of 

the water column using a disk. The Oxygen treatment was aeration of the hypolimnion using 

bubble diffusers that delivered compressed air without disrupting thermal stratification. The 

Nutrient treatment was nitrogen and phosphorus addition to the epilimnion. Each treatment 

was performed in triplicate. Details of the experimental design are given in our companion 

manuscript. In our results section, day 0 refers to the day of treatment, and each subsequent 

day number was a recovery day post-treatment. 

We provide a table of expected results groups (Table 7.1) to help readers keep track of 

the most relevant comparisons when interpreting the data. We hypothesized that the main 
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drivers of bacterial community response following mixing were increased oxygen in the 

hypolimnion and increased nutrients in the epilimnion. Thus, we predicted that the 

environmental conditions and bacterial community composition of the hypolimnion in the 

Oxygen treatment would resemble that of the Mixed treatment, and the same for the Nutrient 

treatment and the Mixed epilimnion. Our companion manuscript provides evidence that our 

treatments were effective in mimicking the mixing conditions of the water column, and that 

bacterial communities were statistically distinct across treatments by analysis of similarity. Our 

next goal was to assess the stability of aquatic bacterial communities when challenged with 

different types of disturbances relating to water column mixing. We refer to the same expected 

results groups for comparisons. 

To measure the resistance of the bacterial communities to each treatment, we 

compared average daily Bray-Curtis similarity between each treatment and its Control (Table 

7.2). We also compared the minimum daily Bray-Curtis similarity between each treatment and 

its Control; this minimum indicated the largest divergence between the treatment and the 

Control. The community least resistant to treatment (changed the most given the disturbance) 

was the Mix epilimnion, followed by the Oxygen hypolimnion. The Oxygen epilimnion was most 

resistant. 

Table 7.2. Resistance and recovery of bacterial communities to each treatment. 

Resistance: 
Min. similarity to Control 

Resistance: 
Avg. similarity to Control 

Recovery: 
Day 10 similarity to Control 

MixE 40.6 69.4 77.9 
Mix H 67.4 75.3 72.7 
Nutrient E 69.3 81.4 80.5 
Nutrient H* 72.7 79.7 85.4 
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Oxygen E* 74.7 83.7 86.4 
Oxygen H 58.4 72.5 78.6 

* These environments were not manipulated directly, and s iould resemble the control. 

We next qualitatively assessed bacterial community recovery by comparing the Bray-

Curtis similarities with the Control treatment on day 10. Bray-Curtis similarities from Control 

day 10 were used to account for succession that may have occurred normally in the Control 

(given the documented seasonal progression of temperate lake bacterial communities, e.g. (13, 

16, 22)). All communities were above 70% similarity to the Control by day 10, suggesting that all 

achieved a high degree of recovery (Table 7.2). After treatment, hypolimnion community 

dynamics were generally more stochastic (less directional) than in the epilimnion. We tested 

this using the RELATE test for seriation (evidence of observations in a sequence, such as 

spatially or temporally related observations) in the PRIMER software package. RELATE returns a 

Rho statistic that describes the strength of the series (in this case, a time series), and a p-value. 

All epilimnion communities had strong evidence of seriation, as indicated by high Rho values 

above 0.70 and all p < 0.001. Hypolimnion community results were more variable (Control Rho 

=0.27, p< 0.09; Mix = 0.44, p<0.02; Nutrient = 0.55, p<0.001; Oxygen = 0.49, p<0.01) and had 

weaker evidence of seriation. These results suggest that the hypolimnion communities were 

more stochastic than epilimnion communities. 

We next asked if there was also a difference in the rate of bacterial community change 

across treatments. To calculate the rate of change, we fit linear models to Bray-Curtis 

similarities regressed against time between observation pairs (Fig 7.1, Table 7.3). The slope of 

the regression was the rate of change, or resilience, of the bacterial community following 
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disturbance. A comparison of ail slopes suggested that hypolimnion communities changed less 

rapidly than their epilimnion counterparts, and that all communities changed more rapidly than 

their respective Control (Fig. 7.2). An exception to this was the Nutrient hypolimnion 

community, but the hypolimnion was not directly manipulated in the Nutrient treatment (Table 

7.1). The Mixed epilimnion community changed most quickly, as indicated by the steep slope. 

Table 7.3. Linear model details for community rate of change. 

Adjusted R2 Residual standard error F statistic DFa Slope (m) p-value < 
Control E 0.71 3.79 65.75 26 -2.32 1.37e-08 
Control H -0.01 6.27 0.69 26 -0.39 0.415 
MixE 0.60 9.41 38.2 26 -4.39 1.55 e-06 
Mix H 0.19 9.22 7.41 26 -1.89 0.0114 
Nutrient E 0.84 3.07 138.60 26 -2.72 6.42 e-12 
Nutrient H* 0.26 3.29 10.34 26 -0.79 0.00346 
Oxygen E* 0.79 3.67 101.5 26 -2.79 1.82 e-10 
Oxygen H 0.40 6.28 18.99 26 -2.06 0.000183 

aDF is degrees of freedom. 
These environments were not manipulated directly, and should resemble the control. 

The epilimnion community in the Mix treatment was least resistant but most resilient. 

Generally, epilimnion communities were most resilient to treatment (Fig. 7.3). Both epilimnion 

and hypolimnion Mix communities recovered less completely than their Oxygen and Nutrient 

counterparts. Communities that were not directly manipulated maintained a high similarity 

with the Control. 

Discussion 
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Community stability and variation are important for predicting community responses to 

disturbance. In our experiment, bacterial communities were not resistant to any treatment. All 

changed, and the changes observed were greater than expected given routine temporal 

succession. But all communities recovered rapidly, within ten days. All this agrees with previous 

observational work that suggested aquatic bacterial communities are relatively stable, not 

because they are resistant but because they are highly resilient to disturbances (12, 20, 24). 

Comparisons of resistance and resilience among treatments 

The Oxygen treatment was less resistant than the Mix treatment in the hypolimnion, 

likely because the oxygen concentration in the Oxygen treatment was nearly double that of the 

Mix treatment (see companion manuscript). At first glance, it may seem like the Oxygen 

treatment received a more intense disturbance. But the Mix and the Oxygen hypolimnion 

communities recovered at identical rates, suggesting that ~3.5 mg/L of oxygen was of a similar 

disturbance intensity as ~6 mg/L, and given the same temperature, nutrient availability, and 

initial community composition, both resulted in similar resilience among the hypolimnion 

bacterial communities in the Mix and Oxygen treatments. This indicates that hypolimnion 

communities may be predictable in recovery. 

The Nutrient epilimnion communities had a higher resistance but lower resilience than 

the Mix epilimnion, implying that the nutrient amendment was not as intense of a disturbance 

as the full overturn. It is likely that the interplay of water conditions, including nutrients, 

temperature, light, and organic matter, are important in determining the epilimnion bacterial 

community response to mixing. The only measured variable that was different between the Mix 
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and Nutrient conditions was dissolved inorganic carbon, a product of respiration. Dissolved 

inorganic carbon increased to ~3 mg/L in the Mix treatment, and gradually decreased to ~1 

mg/L, which was higher than both the Nutrient and Control concentrations (see Figure 2f in 

companion manuscript). Additionally, the Nutrient and Control did not exhibit a decrease in 

dissolved inorganic carbon. From this, we reason that there may have been either increased 

heterotrophic respiration or decreased photosynthesis in the Mix treatment. If we assume 

photosynthesis was equal in the Mix and Nutrient treatments (given the same light, 

temperature, and initial plankton composition), we then look to increased heterotrophic 

respiration as the cause of the high dissolved inorganic carbon in the Mix treatment. We 

hypothesize that the Mix treatment may have up-welled other forms of nutrients and carbon 

favorable for heterotrophic growth, and that the bioavailability of these forms did not match 

those of our Nutrient addition, leading to a difference in resilience between the two 

treatments. Measurements of primary and heterotrophic production and respiration would be 

necessary to test this hypothesis. 

Stability and temporal-versus-spatial niche partitioning 

Our experimental results highlight possible implications of temporal and spatial habitat 

heterogeneity for microbial community responses to disturbance. First, consider the separate 

influences of temporal and spatial variation in our study system. In thermally stratified lakes, 

the epilimnion is considered to be generally homogeneous in space because of mixing surface 

waters and external inputs, like precipitation and allocthonous material. In contrast, the 

hypolimnion contains many "layers" of different respiration substrates, even at depths below 
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where the temperature stabilizes and oxygen is depleted. In time, the epilimnion environment 

is variable, as evidenced by the known seasonal drivers of temperate lakes. Yet, over the same 

ice-off period that the epilimnion experiences temporal variability, the hypolimnion 

environment remains relatively isolated and unchanging. Therefore, the epilimnion 

environment is homogeneous in space but variable in time, and the hypolimnion environment 

is heterogeneous in space but stable in time. 

Following this, our study has focused on two communities at the complementary 

intersection of these spatial and temporal niche spaces. Perhaps one reason that both 

communities were resilient to disturbance is because of the ecological trade-offs required to 

exist at this intersection. We hypothesize that communities living in environments highly 

heterogeneous (or homogeneous) in both space and time may not be resistant or resilient to 

disturbance. Two principles in ecology, niche diversification (e.g. (10,11)) and the storage effect 

(15, 23), address the concepts of spatial and temporal niche partitioning, and may provide a 

useful framework for addressing these questions mechanistically. Our companion manuscript 

presents evidence that the vertical oxygen gradient in the hypolimnion recovered within seven 

days post-treatment (see Fig. 6.2e and 6.2g in companion chapter). Our results demonstrate 

that the hypolimnion bacterial community was resilient at a similar temporal scale as the re-

establishment of the oxygen gradient, which supports spatial niche partitioning as one possible 

mechanism of observed community response. Our results also show that epilimnion bacterial 

communities were more dynamic in time (as shown by the RELATE evidence of seriation) than 

those of the hypolimnion, hinting that temporal partitioning may play a role in the recovery of 
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the epilimnion community. However, further work is needed to conclusively address whether 

the resilience in the epilimnion community can be attributed to temporal niche partitioning. 

Moving toward cross-system comparisons of microbial resilience 

Resilience is a difficult characteristic to measure, and therefore is a challenging metric for 

cross-system comparison. However, a recent meta-analysis set an example for comparing 

resilience across studies; this meta-analysis addressed soil microbial community responses to 

global change-related disturbances (2). The results suggested that soil communities generally 

are not resistant or highly resilient to disturbance. One important factor was the time period of 

post-disturbance observations, where studies longer in duration may have observed 

community recovery while shorter studies did not. Although the authors calculated resilience 

as a rate, it is difficult to quantify resilience without incremental observations leading to an 

endpoint of community recovery. One logistical issue that can confound resilience studies is 

the fact environmental samples must undergo significant processing before the researchers can 

know the microbial community composition, and therefore whether the community has 

recovered from perturbation. Thus, experiments without a priori approximation of recovery 

time risk making observations at inappropriate intervals and under-estimating the point of 

recovery. 

Indeed, every ecosystem will have different temporal constraints and require a different 

resolution of longitudinal series. This presents a challenge for making cross-study comparisons 

of microbial resilience and stability. Our method of calculating resilience (the regression slope 

of the pair-wise similarity indices against time between observation pairs) may offer a 
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straightforward solution for quantifying and comparing resilience across studies. Because it 

relies on any bound (e.g. zero to one) metric of community similarity, this resilience calculation 

does not depend on any particular method of determining community composition (e.g. 

fingerprinting, sequencing, or chip-based method), or any particular similarity or distance index. 

This method also incorporates the entire post-disturbance time series, so that the number of 

observations will increase the significance of any observed relationship. All of these 

characteristics are desirable for achieving direct cross-system or cross-study comparisons. 

Given this method, our results contribute an intimate look at the immediate response of 

bacterial communities to a pulse disturbance at a scale that we argue was biologically relevant 

for aquatic microbial community ecology. All communities shared high similarity with their 

Control day 10 community, suggesting overall recovery. With the ten-day response time (which 

encompassed a few generations in aquatic systems, but not likely evolutionary selection), the 

mechanisms of our community responses can be attributed to processes such as competitive 

interactions and environmental filtering. The immediate recovery (high resilience) observed in 

this time frame suggests that the bacterial community is surprisingly stable, and potentially 

deterministic. 

Next, to move forward from system-specific conclusions, we consider recent disturbance 

studies in four different systems in which community compositional or functional resilience was 

observed: soils (2, 7), the human gut (8, 25), methanogenic bioreactors (9), and lakes (this 

study). At first glance, the resilience (rate of recovery) of the lake bacterial communities seems 

to be more comparable to the human-gut and bioreactor communities than to the soil. In the 

two separate studies of antibiotic disturbance to gut microbial communities, the communities 
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were generally recovered within 2 and 4 weeks post-treatment (8, 25). In the methanogenic 

bioreactor study, recovery of compositionally stable bioreactor communities after a pulse 

glucose amendment was observed within 16 days (9). However, in the soil studies, communities 

are generally observed to either be resistant to the perturbation (7) or sensitive but not quickly 

resilient (2). 

We recognize that there are many different factors across these studies (e.g. disturbance 

type and intensity) that preclude very rigorous comparisons. However, we propose that system 

fluidity (ease of dispersal and connectivity between patches) may be key system characteristics 

to define before cross-study comparisons can be accomplished. This concept of system fluidity 

relies heavily on metacommunity principles of immigration, growth, and death (4). In a 

qualitative sense, lake, bioreactor, and human gut communities have higher system fluidity 

than soils because dispersal is less limited within the system, and because nutrients are 

abundant and allow for rapid growth; this could likely account for the higher observed 

resilience. However, it could be that after standardizing for parameters of system fluidity, the 

soil microbial communities are "equally" resilient to the others. These ideas should be 

developed further and supported experimentally in order to advance disturbance theory for 

microbial communities, and for developing predictive models of microbial community 

responses to perturbation. 

Conclusions 

Our results provide quantitative evidence of stability in aquatic bacterial communities, 

suggesting that these communities may be ideal models for advancing ecological theory for 
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both microbial and large-scale organisms. We also highlight our simple method of calculating 

microbial community resilience that we suggest can allow for cross-system and cross-study 

comparisons. We suggest that future work should evaluate trade-offs between temporal and 

spatial niche partitioning as a possible mechanism for microbial community resilience to 

disturbances. We also suggest that system fluidity may be important for microbial resilience, 

and that defining measurable parameters to define system fluidity will be important for cross-

system comparisons and synthesis. 



166 

Acknowledgements 

This work was supported in part by the National Science Foundation (NSF) awards MCB-

0702395, DBI-0829323, and DBI-0639229, the University of Wisconsin-Madison Juday Family 

undergraduate research fellowship to DW, and the Ira L. Baldwin pre-doctoral fellowship to A.S. 

Any opinions, findings and conclusions or recommendations expressed in this material are 

those of the author(s) and do not necessarily reflect those of the NSF. We thank the Global 

Lakes Ecological Observatory Network, P Hanson, and L Winslow for sondes loan and 

instrumented buoy support, E Stanley and J Thorye for water chemistry analyses, G Wolfe for 

helpful discussions and technical support, H Clifford for technical support, K Butkas, YS Dufour, 

AR Ives, SE Jones, and PJ Weimer for helpful discussions, and R Whitaker and three anonymous 

reviewers for comments on a previous version of the manuscript. 



167 

References 

1. Allison, G. 2004. The influence of species diversity and stress intensity on community 
resistance and resilience. Ecological Monographs 74:117-134. 

2. Allison, S. D., and J. B. H. Martiny. 2008. Resistance, resilience, and redundancy in 
microbial communities. Proceedings Of The National Academy Of Sciences Of The 
United States Of America 105:11512-11519. 

3. Botton, S., M . van Heusden, J. R. Parsons, H. Smidt, and N. van Straalen. 2006. 
Resilience of microbial systems towards disturbances. Critical Reviews in Microbiology 
32:101-112. 

4. Chase, J. M . 2005. Towards a really unified theory for metacommunities. Functional 
Ecology 19:182-186. 

5. Clarke, K. R., and R. N. Gorley. 2006. PRIMER v6: User manual/tutorial. PRIMER-E, 
Plymouth UK. 

6. Clarke, K. R., and R. M. Warwick. 2001. Change in Marine Communities: An Approach 
to Statistical Analysis and Interpretation. PRIMER-E, Plymouth, UK. 

7. Cruz-Martinez, K., K. B. Suttle, E. L. Brodie, M . E. Power, G. L. Andersen, and J. F. 
Banfield. 2009. Despite strong seasonal responses, soil microbial consortia are more 
resilient to long-term changes in rainfall than overlying grassland. ISME Journal 3:738-
744. 

8. Oethlefsen, L., S. Huse, M. Sogin, and D. Relman. 2008. The pervasive effects of an 
antibiotic on the human gut microbiota, as revealed by deep 16S rRNA sequencing. PLoS 
Biol 6:e280. 

9. Fernandez, A. S., S. A. Hashsham, S. L. Dollhopf, L. Raskin, O. Glagoleva, F. B. Dazzo, R. 
F. Hickey, C. S. Criddle, and J. M. Tiedje. 2000. Flexible community structure correlates 
with stable community function in methanogenic bioreactor communities perturbed by 
glucose. Applied And Environmental Microbiology 66:4058-4067. 

10. Huisman, J., and F. J. Weissing. 1999. Biodiversity of plankton by species oscillations 
and chaos. Nature 402:407-410. 

11. Hutchinson, G. 1961. The paradox of the plankton. The American Naturalist 95:137. 
12. Jones, S. E., C.-Y. Chiu, T. K. Kratz, J.-T. Wu, A. Shade, and K. D. McMahon. 2008. 

Typhoons initiate predictable change in aquatic bacterial communities. Limnology and 
Oceanography 53:1319-1326. 

13. Kent, A. D., A. C. Yannarell, J. A. Rusak, E. W . Triplett, and K. D. McMahon. 2007. 
Synchrony in aquatic microbial community dynamics. ISME Journal 1:38-47. 

14. Lehours, A. C., C. Bardot, A. Thenot, O. Debroas, and G. Fonty. 2005. Anaerobic 
microbial communities in Lake Pavin, a unique meromictic lake in France. Applied and 
Environmental Microbiology 71:7389-7400. 

15. Miller, A. D., and P. Chesson. 2009. Coexistence in Disturbance-Prone Communities: 
How a Resistance-Resilience Trade-Off Generates Coexistence via the Storage Effect. 
American Naturalist 173:E30-E43. 

16. Nelson, C. E. 2009. Phenology of high-elevation pelagic bacteria: the roles of 
meteorologic variability, catchment inputs and thermal stratification in structuring 
communities. ISME Journal 3:13-30. 



168 

17. Pimm, S. L. 1984. The Complexity And Stability Of Ecosystems. Nature 307:321-326. 
18. R Development Core Team. 2005. R: A language and environment for statistical 

computing. R Foundation for Statistical Computing, Vienna, Austria. 
19. Salcher, M . M., i . Pemthaler, M. Zeder, R. Psenner, and T. Posch. 2008. Spatio-

temporal niche separation of pianktonic Betaproteobacteria in an oligo-mesotrophic 
lake. Environmental Microbiology 10:2074-2086. 

20. Shade, A., C.-Y. Chiu, and K. D. McMahon. 2009. Seasonal and episodic lake mixing 
stimulate differential pianktonic bacterial dynamics. Microbial Ecology doi: 
10.1007/s00248-009-9589-6. 

21. Shade, A., S. E. Jones, and K. D. McMahon. 2008. The influence of habitat 
heterogeneity on freshwater bacterial community composition and dynamics. 
Environmental Microbiology 10:1057-1067. 

22. Shade, A., A. D. Kent, S. E. Jones, R. J. Newton, E. W. Triplett, and K. D. McMahon. 
2007. Interannual dynamics and phenology of bacterial communities in a eutrophic lake. 
Limnology and Oceanography 52:487-494. 

23. Warner, R. R., and P. L. Chesson. 1985. COEXISTENCE MEDIATED BY RECRUITMENT 
FLUCTUATIONS - A FIELD GUIDE TO THE STORAGE EFFECT. American Naturalist 125:769-
787. 

24. Yannarell, A. C., T. F. Steppe, and H. W. Paerl. 2007. Disturbance and recovery of 
microbial community structure and function following Hurricane Frances. Environmental 
Microbiology 9:576-583. 

25. Young, V., and T. Schmidt. 2004. Antibiotic-associated diarrhea accompanied by large-
scale alterations in the composition of the fecal microbiota. Journal of Clinical 
Microbiology 42:1203. 



169 

Figure 5.2. 
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Figure 7.1. Bacterial community rate of change (resilience) for epilimnion and hypolimnion 

communities after disturbance. For all observations within a treatment, pair-wise Bray-Curtis 

similarity was plotted against the time between comparisons. Linear regression models were fit 

to these data, and the rate of change was calculated as the slope of the regression. For each 

group label, the first letter indicates the treatment (Oxygen, Nutrient, Mix, or Control), and the 

second letter indicates the thermal stratum (epilimnion or hypolimnion). Open symbols are 

epilimnion, closed are hypolimnion. The number of asterisks indicates the significance of the 

slope. A larger absolute slope is evidence of a faster rate of change. In addition to the controls, 

the Oxygen Epilimnion (OE) and Nutrient Hypolimnion (NH) environments were not 

manipulated directly. 
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Figure 5.2. 

Figure 7.2. Epilimnion and hypolimnion communities' rates of change (resilience), calculated by 

the slope of the Bray-Curtis similarities over the time between observations for each treatment 

(Fig. 7.1). The letters above the bars indicate statistically significant groups, as determined by 

standard error. Asterisks indicate that the environment was not manipulated directly, and 

should resemble the control. 
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Figure 7.3. Summary of resistance, recovery and resilience across treatments. Gray circles are 

epilimnion communities, black are hypolimnion. Resistance was the average Bray-Curtis 

similarity between the treatment and control (Table 7.2). Recovery was the Bray-Curtis 

similarity between the treatment and control on day 10 (the final observation of the time 

series, Fig. 7.1). Resilience was the community rate of change, calculated as the slope of all 

within-treatment Bray-Curtis similarities against time between observations (Fig. 7.1 and Fig. 

7.2). Each community's resilience is proportional to size of its symbol. Asterisks indicate that 

the environment was not manipulated directly, and should resemble the control. 
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Chapter Eight 

Microbial communities are resilient to a novel whole-ecosystem disturbance 

In preparation for Nature, authors: Ashley Shade, Jordan S. Read, Timothy K. Kratz, Noah Lottig, 
Eric E. Roden, Emily H. Stanley, Chin H. Wu, and Katherine D. McMahon 
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Summary 

The world is changing rapidly. Ecosystems may respond in unanticipated ways to large-scale 

climate- and land-use changes (7). These changes may create novel disturbances or alter 

existing disturbance regimes. Disturbances act as powerful structuring forces on ecosystems, 

with potentially critical consequences such as extinctions, regime shifts, and invasions by non-

native species (27, 32). We know that large, infrequent disturbances may cause local 

extinctions and drastically change communities (29). But, is the same true for novel 

disturbances, and for microbial communities, which serve as the machinery that drives crucial 

ecosystem processes? Here, we describe a whole-ecosystem manipulation during which we 

imposed an unprecedented disturbance on freshwater microbial communities. We did this by 

artificially mixing a temperate bog lake during peak summer thermal stratification. The artificial 

mixing radically increased mean lake temperature and exposed the microorganisms to new 

physical conditions, providing a rare experimental example of an extreme disturbance. We 

employed near real-time environmental sensors, as well as manual water chemistry 

measurements to observed the physical and chemical response of the lake, and 454 tag-

pyrosequencing analysis to observe the bacterial community response. The bacterial 

communities rebounded to pre-manipulation composition, diversity, and structure, despite that 

the ecosystem remained altered (with hypolimnion temperatures elevated from 6 to 20° C). 

The bacterial communities were remarkably resilient in the face of this completely novel 

disturbance, as recovery of all parameters to pre-disturbance conditions was observed within 

20 days after the experiment. Our results suggest that there may be some natural capacity of 

ecosystems to respond to novel events without loss of services. 
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Main Text 

Disturbances are ubiquitous across ecosystems, and are fundamentally important 

because they can create, structure, or sustain ecosystems (24, 28). Disturbances and their 

effects on ecosystems can be exceedingly variable (6), hindering the development of an 

inclusive ecological framework (24, 29). However, one commonality across disturbance regimes 

is the relationship between event frequency and magnitude, where relatively large events 

occur rarely, while small events occur often (21, 24, 26, 27, 29). Hence, extreme disturbances 

are inherently difficult to study in nature (21, 26). Nonetheless, observations following extreme 

disturbances are crucial for understanding disturbance-driven selection and adaptation (15, 26), 

as it is hypothesized that biota will be unable adapt to novel, extreme disturbances (29), 

potentially causing local extinctions and altering community dynamics. 

To experimentally test whether a naturally occurring microbial community would be 

robust or sensitive to a large disturbance, we applied an extreme disturbance at the whole-

ecosystem scale to an otherwise stable environment. We manipulated a temperate lake, North 

Sparkling Bog, (northern Wisconsin, U.S.A. 46°N, 89.7°W, Supplemental Table 8.1) by artificially 

mixing the water column in July 2008. We chose this lake because environmental conditions are 

strongly stratified during most of the ice-free season, where thermal stratification creates 

vertical heterogeneity in temperature and dissolved oxygen. The near-surface thermal layer 

(epilimnion) has relatively higher temperature and oxygen concentration, while the bottom 

(hypolimnion) is anoxic with cool temperatures. North Sparkling Bog normally mixes twice 

annually, once in the spring and once in the fail. Given the strength of summer stratification 
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and historical climate records from this geographic region (16), it is highly likely that a mid-

summer, whole-lake mixing event has never occurred in the 10,000 year history of the lake. 

Temperate lake bacterial communities are structured in space and time. Epilimnetic 

communities follow a seasonal trajectory of change due to variation in temperature and 

resource availability (9 ,19, 22, 23), and they are distinct from communities residing in the 

hypolimnion where stable vertical gradients of respiration substrates create spatial structure 

(12, 22). Anaerobic microbes contribute to this habitat heterogeneity by creating a gradient of 

terminal electron substrates for respiration. Stably stratified bog lakes such as North Sparkling 

Bog are anoxic in the bottom waters with the exception of seasonal mixing (fall and spring). 

Whole lake mixing was performed by mixing water between the epilimnion and 

hypolimnion by buoyant forces (see Read et al. in review). Eight days of continuous treatment 

completely mixed the lake, creating a pulse disturbance relative to the time scale of seasonal 

stratification (Fig. 8.1). Our manipulation began on 02 July 2008 (day -9) and ended on 10 July 

(Mix). Our experiment disrupted the normal physical and chemical structure of the lake, 

creating a markedly different ecosystem from the perspective of the lake bacterial 

communities. The temperature in the hypolimnion increased from six degrees Celsius to twenty 

degrees (Fig. 8.1). The historical ice-free hypolimnion temperature has never exceeded ten 

degrees. 

The vertical oxygen gradient was homogenized gradually (Fig. 8.1), increasing from 

below detection (<0.01 mg/L) to near 3 mg/L, but returned quickly to its pre-manipulation 

conditions by 12 July (day 2). Also, manual observations of iron, sulfur, and nitrogen respiration 
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products at 4.5 m (hypolimnion) also show strong decreases in concentration and quick 

recoveries, following the overall response of dissolved oxygen (Supplemental Fig. 8.1). 

We employed 454-tag pyrosequencing of the 16S variable region to observe bacterial 

community response to mixing. In order to characterize community robustness, we performed 

analyses targeting three important ecological aspects of communities: composition (relative 

abundance based on 97% tag-sequence identity for operational taxonomic units), diversity 

(richness and phylogenetic breadth, measured by phylogenetic diversity), and structure 

(evenness and the contribution of dominant and rare organisms, measured by ranked species 

abundance distributions). 

To visualize the bacterial compositional response to mixing, we created a non-metric 

multidimensional scaling ordination (Fig. 8.2a). In this analysis, each community was 

represented by a symbol in two-dimensional space, and the distance between symbols was 

based on ranked similarity (weighted Unifrac distance, see Supplemental Online Materials). We 

found that both epilimnion (surface) and hypolimnion (bottom) bacterial communities 

responded drastically to the manipulation, as indicated by the large distance between the pre-

mixing (-9) and the final day of manipulation (Mix). The surface community then experienced a 

small shift in composition between Mix and three days post-manipulation, but then a second 

larger shift between days three and seven. After this, the surface communities were similar in 

composition to the pre-mixing community. The hypolimnion community proceeded on a 

"stepping-stone" trajectory until it returned to a composition similar pre-mixing by day 11. The 

surface to bottom similarities additionally suggest that the surface and bottom communities 

because less distinct during mixing, but then diverged quickly (Supplemental Figure 8.2). 
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Measures of phylogenetic diversity and richness follow similar trends as the 

compositional data, but also indicate the nature of the compositional differences (Fig. 8.2b). 

The surface communities became more diverse and richer after the manipulation, peaking in 

diversity day 7, and then returning to pre-manipulation levels. Oppositely, the bottom 

communities became less diverse and rich on the final day of the manipulation (Mix), but 

immediately recovered to pre-mixing levels by day 3. 

To determine if the bacterial communities were also resilient in structure (define as 

evenness, including the overall contribution of dominant and rare taxa) we fit log-normal 

models to ranked taxon abundance (17) for each time point (Fig. 8.2c). This revealed a strong 

shift in the structure of both the surface and bottom communities, but, as in the diversity 

metrics, in different directions. The surface became more even (more distributed occurrences 

among taxa and gain in richness) following the manipulation. Again, the largest shift was 

observed on recovery day 3, rather than on the day of complete mixing. The bottom became 

less even (less distributed occurrences and loss in richness), and again recovered immediately 

by day 3. 

We observed differences in phylum-level composition by taxonomic identification of 

tag-pyrosequences (Fig. 8.3). The surface community response may be partially attributed to a 

bloom in Gammaproteobacteria that peaked on day 3. However, some phyla were unaffected 

by the treatment, such as the prominently represented Betaproteobacteria which did not 

change substantially across the time series. The bloom in Gammaproteobacteria was 

accompanied by an increase in measureable total nitrogen in the water column (Supplemental 

Figure 2). 



Ill 

After the manipulation, representatives across many phyla in the hypolimnion 

decreased to below detection. Notably, the Bacteriodetes, Acidobacteria, and 

Deltaproteobacteria each decreased to below our detection limits. Many members of these 

phyla are sensitive to oxygen. When oxygen increased in the hypolimnion of the lake (Fig 8.1), 

strict anaerobes in the water column may have perished. These populations re-appeared by 

Day 3, likely re-seeded from a sediment bank of dormant cells (8). The recovery of the 

hypolimnion populations coordinated with the depletion of oxygen in the water column. In the 

hypolimnion, oxygen and other respiration products quickly depleted after the manipulation, 

but immediately began to re-accumulate (Fig. 8.1 and Supplemental Fig. 8.1). This rapid 

recovery was probably also driven by the elevated water temperatures at the lake bottom. 

These different dynamics in both the surface and bottom communities provide evidence that 

the experiment resulted in many ecological driven responses rather than the simple physical 

mixing of the water column. 

Overall, these results demonstrate that the lake bacterial communities are not resistant 

to disturbance, but are surprisingly resilient (return rapidly) in their recovery. Our results 

suggest that microbial communities may be recover predictably after disturbance, meaning that 

the original community diversity, structure, and composition forecasted the recovered 

community. If this proves true across different systems, it holds great promise for a multitude 

of applications. For example, global change science relies on the process rates of microbial 

consortia to understand carbon and nutrient cycling through terrestrial and aquatic landscapes 

(e.g. (1, 3, 25)), and much emphasis has been recently placed on "scaling up" these microbial 

processes to understand their global relevance (10). This example represents a grand challenge 
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for the upcoming decade, and the ability to predict microbial communities' responses to 

perturbation is key to accomplishing these goals. Finally, our results provide a benchmark for 

using in situ microbial communities in controlled manipulations to advance disturbance 

microbial ecology. 

Methods summary 

For each time point, two depth-discrete water samples were collected using a peristaltic pump 

that was rinsed between each sample. One sample was collected at the surface (epilimnion 

water: 0 meters) and one at the bottom of the lake (hypolimnion water: 4.5 m). Pyrosequencing 

on a subset of observations (days -9, Mix, 3, 7,11, and 20) was performed by the University of 

Colorado-Boulder using their standard protocols for sequencing^, 11). The R environment for 

statistical computing (20) and the Primer v6(2) software were used for all analyses. North 

Sparkling Bog is a Global Lakes Ecological Observatory Network site, and all data are available 

online including depth profiles of oxygen and temperature (www.gleon.org). See Supplemental 

Online Materials for analyses details, in addition to details of real-time instrumentation. 

Supplemental Methods 

North Sparkling Bog is a Global Lakes Ecological Observatory Network site and all 

instrumented buoy data are available (www.gleon.org). An instrumented buoy was deployed on 

North Sparkling Bog during in 2008. An autoprofiling sonde (Yellow Springs Instruments) 

measured hourly profiles of dissolved oxygen and temperature. We calculated Schmidt stability 

from periodic manual samples of temperature using the methods of Idso, 1973 (7): 

http://www.gleon.org
http://www.gleon.org
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St = -fj(z-Zcv)p2Azdz (1) 
An 0 

where Az is the area of the lake at height z (positive upward), zm is the surface water elevation, 

is the elevation of the center of volume of the lake, and pz is the density of water at height 

z . For (1), temperature (°C) was converted to density by assuming all density altering solutes in 

the water colum were negligible (18): 

1 ^ + 2 8 8 . 9 4 1 4 (7 ; -3 .9863) ' 
508929.2-(7; +68.12963) z 

100 (2) 

Because oxygen measurements were taken from a moving profiler, complete profiles (1 hour 

profiling period) were simplified into single time points for the visualization of Figure lc. Linear 

interpolation was used between depths and time points. 

For each time point, five depth-discrete water samples were collected using a peristaltic 

pump that was rinsed between each sample. One sample was always collected at the surface (0 

meters) and one at the bottom of the lake (4.5 m); the remaining three were collected at 

depths representing the aerobic to anaerobic inflection in the oxygen (oxycline). Collected 

water was preserved for water chemistry, filtered, frozen, and total DNA was extracted as 

described(5). All water chemistry analyses were performed by the water chemistry lab of the 

North Temperate Lakes Long Term Ecological Research program according to their standard 

protocols, available online (http://lter.limnology.wisc.edu/). Pyrosequencing (from observation 

days -9, Mix , 3, 7,11, and 20) was performed by the University of Colorado-Boulder using their 

standard protocols for sequencing ( 4 , 1 1 ) , phylogenetic assignment (13,14) and calculation of 

phylogenetic diversity (4). The sequencing targeted 250 base-pairs of the 16S rrn gene using the 

http://lter.limnology.wisc.edu/
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primers Pyro 27f and 338R. Non-metric multidimensional scaling analysis was performed using 

the vegan package in R with Unifrac weighted distances based on the relative abundance of 

recovered tag-sequences. Log-normal models (17) were fit to the rank taxa abundance of tag-

pyrosequencing data using the vegan package in R assuming an underlying Gamma distribution. 

To observe change relative to the total abundance of the phylum, we divided the number of 

reads per phylum per time point by the total number of reads observed for that phylum. 

Heatmaps of instrumented buoy observations were created in Matlab. 
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Figure 8.1. Temperature and dissolved oxygen profiles of North Sparkling Bog during the year of 

the mixing manipulation. Green line shows the duration of the mixing manipulation. Seasonal 

thermal structure was disrupted as a result of the mixing manipulation, and the hypolimnion 

(bottom) water temperature never recovered to the pre-mixing temperature for the remaining 

ice-free season. The dissolved oxygen profile is focused on the month of the mixing 

manipulation, July 2008. "Obs." refers to the day of the experiment. Treatment began on 02 

July (-9) and ended on 10 July (Mix) when complete mixing was achieved. After the 
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manipulation, a second partial mixing event occurred spontaneously on 14 July due to low 

water column stability and cool weather. 
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Figure 8.2. Bacterial community response to lake mixing disturbance, as evaluated by analyses 

of community (a) composition, (b) diversity, and (c) structure. Communities were collected 

from the epilimnion (surface) at 0 m and the hypolimnion (bottom) at 4.5 m. The top graph of 

each panel is epilimnion bacterial communities, and the lower graph is hypolimnion. la: Non-

metric multidimensional scaling analysis of weighted Unifrac distances. Communities are 

represented by the experimental day of the observation, where -9 is the day before the 

manipulation began, Mix is the final day of manipulation, and all other days are post-

manipulation (recovery) observations. The community change along trajectories shown by the 

dashed lines. 2b: Bacterial community diversity was calculated using the phylogenetic diversity 

metric, and richness was the count of operational taxonomic units (OTUs) observed (97% tag-

sequence identity) per observation. 2c: Log-normal models were fit to ranked taxon abundance 

to reveal changes in community structure (e.g. rarity and dominance of members). The red 

arrows at the bottom indicate the shift in the community structure after mixing, and the black 
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arrows indicate the recovery. In the epilimnion, the communities experienced a second greater 

shift in structure on day three, as shown by the two red arrows. 
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Figure 5.2. 
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Figure 8.3. Relative bar charts for the time-series of surface and bottom bacterial communities 

reveal bacterial changes at phylum-level and Proteobacteria class-level following lake mixing, as 

determined by 454-tag pyrosequencing analysis.. Asterisks indicate not detected. 
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Supplemental Figure 8.1. 
Respiration Products (4 m) 
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Supplemental Figure 8.1. Microbial respiration products measured at 4 meters depth 

(hypolimnion) through the mixing experiment. Ammonia, iron species, and sulfide each 

decreased on the final day of manipulation, but recovered to pre-mixing concentrations by 

recovery day 20. 
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Supplemental Figure 8.1. 

Surface to Bottom disimilarity 

Day of experiment 

Supplemental Figure 8.2. Epilimnion (surface) to hypolimnion (bottom) dissimilarities over the 

course of the mixing manipulation, calculated by the weighted Unifrac distance. A higher 

dissimilarity indicates that the communities are more distinct in composition (share fewer taxa 

and in different relative abundances), while a lower value means that they are more similar 

(share more taxa in similar relative abundances). The drop in dissimilarity on the final day of the 

manipulation (Mix) indicates that the surface and bottom communities became more similar in 

composition, but then diverged again with time. 
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Supplemental Figure 8.1. 
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Supplemental Figure 8.3. Seasonal total nitrogen measurements in North Sparkling Bog from 

integrated epilimnion and hypolimnion water samples. The period of the mixing experiment 

presented was 01 to 10 July 2008; post-mixing recovery dates comparable are labeled as the 

days from mixing on 10 July. 



192 

Supplemental Table 8.1. Physical and chemical characteristics of North Sparkling Bog. 

Parameter Value 
Surface area 0.47 ha 
Mean depth 2.28 m 
Maximum depth 4.5 m 
Light attenuation 1.4- 2 m 
Dissolved organic carbon 9.5 mg/L 
Mixing regime dimictic 
pH 5.2 
Total phosphorus 25.4 \ig/l 
Total nitrogen 691.9 ng/L 
Chlorophyll 27.5 jag/L 
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Chapter Nine 

Toward a general model for microbial resilience 
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I. The lake mixing "microbial experimental ecosystem" 

II. Is high resilience a compromise of spatial and temporal habitat heterogeneity? 

III. Predicting microbial community resilience 

IV. Endnote 
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The lake mixing "microbial experimental ecosystem" 

Jessup et al. (2) previously posed an argument for microbial experimental systems to 

address ecological questions. This was in contrast to the camp of Carpenter (1) and others who 

claimed that simplified experiments and bench-top mesocosms have little relevance for the 

"real" world. In my dissertation work of aquatic bacteria in lakes, I've characterized the 

responses of microbial communities to a relevant disturbance within their ecosystem. From 

this, I propose the concept of a microbial experimental ecosystem: in situ model for 

experimentation that permits measurement of the whole microbial community response within 

the natural constraints of that system. Microbial experimental ecosystems can provide a 

compromise between reductionist and holistic approaches to address questions in ecology. 

Indeed, these kinds of in situ experimental systems are not new in the field of microbiology 

(especially in symbiosis systems of plant-microbe or animal-microbe interactions), but they are 

not often highlighted for their ecological merits to promote the development of general 

theories. Similar to large-scale counterparts, microbial communities are diverse and maintain 

complex interactions (3), and we can extrapolate that the ecology at the micro-scale may also 

be relevant to the macro-scale. As Prosser and colleagues noted (4), there remains scant 

evidence that separate ecologies are true for microbes versus all other larger organisms. Thus, 

general questions in ecology could be addressed with microbial experimental ecosystems, and 

these systems could provide control, tractability, and convenient response scale that larger 

systems often cannot. 

In this work, I have introduced a microbial experimental ecosystem as a model for 

understanding disturbance. We used a lake ecosystem and microbial community to examine a 
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novel, intense disturbance that would have been difficult to achieve for larger systems at the 

same relative scale. A comparably rare disturbance for a forest community would be, for 

example the eruption of Mt. St. Helen's, as reviewed by Turner and Romme (5, 7). It is not 

possible to create a disturbance of the magnitude of Mt. St. Helen's in a large system, and if it 

were, it would take decades to centuries to characterize the community response and 

succession. With a microbial system such as described in this thesis, we can now move on to 

ask questions, for example, of compounded large disturbances, or disturbances of varying 

frequencies and intensities, and could feasibly accomplish such experiments within the tenure 

of a graduate student's Ph.D. We can move forward especially in testing "extremes" outside of 

our current knowledge: we could test the effects of novel-rare disturbances versus common-

compounded ones that are arguably important for advancing a disturbance framework. 

Furthermore, microbial experimental ecosystems like the lake mixing system can complement 

laboratory-scale microbial experimental systems (as reviewed by (2)), so that the separate 

approaches of laboratory experiments, theoretical models, and experimental ecosystems can 

corroborate results to address unresolved issues in ecology. 

Disturbance is just one aspect of ecology that can benefit from microbial experimental 

ecosystems, and what has been accomplished in this dissertation research represents the tip of 

an iceberg. For instance, determining the influence of disturbance periodicity, frequency, 

intensity, and extent on community response are all questions that could be addressed using 

the lake mixing system, or other microbial experimental ecosystem. These results can serve as a 

benchmark to promote the use of microbial experimental ecosystems to fully integrate 

microbial and "macrobial" ecology towards a common theory. 
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Is high resilience a compromise of spatial and temporal habitat heterogeneity? 

From this research, one interesting finding is that both the epilimnion and hypolimnion 

communities are resilient to mixing disturbance. This resilience was observed in the Taiwanese 

lake after typhoon mixing of Chapter Five, in the limnocorral experiment of Chapters Six and 

Seven, and in the whole lake mixing experiment of Chapter Eight. The limnocorral experiment 

and the whole lake mixing experiment suggested that the bacterial community responses were 

different in the epilimnion and hypolimnion and likely instigated by different primary drivers 

(seasonality/temperature and biotic interactions in the epilimnion, and oxygen in the 

hypolimnion). As a specific example from the whole lake mixing manipulation, the epilimnion 

community decreased in diversity and became more even after the mixing, but the hypolimnion 

community increased in diversity and became less even. But, these changes did not result from 

the physical mixing of the water, as demonstrated by both the day of Mix diversity that was not 

simply the mean of the epilimnion and hypolimnion diversities prior to the manipulation 

(Chapter Eight, Figure 3), and by the differential trajectories of phyla in either layer following 

the mixing (Chapter Eight, Figure 4). Therefore, the epilimnion and hypolimnion bacterial 

communities were both resilient, but for different reasons. This begs the question: how can two 

compositionally different communities that are known to perform different functions and be 

driven by different environmental parameters both exhibit similar resilience? 

Notably, epilimnion and hypolimnion bacterial communities are almost completely 

complementary in the influence of spatial and temporal drivers during the ice-free period. 

Epilimnion communities are structured strongly in time, responding to temperature and light-

dependent drivers and changing along a seasonal trajectory. However, in space, the epilimnion 
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is considered to be an environment homogeneous in dissolved oxygen concentration, 

temperature, and resource availability. Hypolimnion communities are structured strongly in 

space: terminal electron acceptor and donor gradients are created by and also structure 

anaerobic bacterial communities. However, in time, the hypolimnion remains stratified and 

does not change until the onset of seasonal mixing. Given this, it makes sense that the 

hypolimnion communities have not been observed to change directionally during the ice-free 

period (6). 

To summarize, the epilimnion was homogeneous in space but heterogeneous in time, 

and the epilimnion community was quickly resilient to disturbance. The hypolimnion was 

homogeneous in time by heterogeneous in space, and the hypolimnion community was also 

resilient to disturbance. From these observations, I hypothesize that the complementation of 

habitat heterogeneity in space and time may allow for high bacterial community resilience 

(Figure 1). I also hypothesize that communities that are either homogeneous or heterogeneous 

in both space in time will not be resilient. I have no evidence for my second hypothesis from my 

current experimental system; however, I have proposed some examples (a chemostat for a 

homogeneous environment in space and time, and a stream biofilm for a heterogeneous 

environment in both space and time) in Figure 1 that could be tested to determine their 

resilience and either validate or reject this hypothesis. 

I also propose a hierarchical restriction on this model. For Figure 1, I have chosen 

environments and bacterial communities that are of comparable fluidity to lake bacteria. 

Fluidity is a concept that I expand upon in the final section, but, briefly, is a term meant to 

account for the growth/production, degree of community connectivity, and dispersal of a 
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system. (These system characteristics will depend largely on a given habitat and the resources 

available to the microbes in that habitat, and so I also do not mean to discount the important 

contributions of the ecosystem and environmental factors in structuring communities.) For 

instance, though a soil aggregate would be an example of an environment that is considered 

heterogeneous in both space and time, I would hesitate to directly compare the resilience of 

this bacterial community on a soil aggregate to that of a lake without accounting for fluidity. 

This is because soil bacterial communities often persist in a starved state and turn over more 

slowly, while lake communities have access to more resources and may grow more quickly. 

Thus, the fluidity of ecosystems must be accounted for prior to generalizing the implications of 

spatial and temporal habitat heterogeneity for microbial community resilience. 

Predicting microbial community resilience 

This research aimed to characterize microbial community resilience in one model 

system. Future directions would aim to generalize this work so that microbial resilience can be 

predicted in any system. This has immediate relevance for both global change and human heath 

challenges, because if microbial community resilience can be predicted, we can prevent or 

mitigate undesirable outcomes (e.g. microbial infection), and encourage desirable ones (e.g. 

greenhouse gas consumption). Using the lake mixing system as a benchmark, we could work 

towards a predictive model that may be applied to any microbial ecosystem. 

One challenge with modeling microbial communities is that there are too many taxa in a 

community, leading to the necessity of too many observation points and computationally 

intensive algorithms. Therefore, I propose that it is not as useful to model microbial community 
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resilience as a function of every individual population response, but rather as an aggregate, 

community-level metric, such as diversity, or rate of change, or species abundance distribution 

model parameter. 

Figure 2 shows a working conceptual map of microbial community resilience, and 

possible components that could be parameterized and included in a predictive model. I 

hypothesize that the resilience of a microbial community after disturbance may be determined 

by these measurable parameters, and that from this, a general cross-system model may be built 

for predicting microbial resilience. These parameters may include community turnover (average 

species lost and gained at consecutive time points), system fluidity (dispersal and growth), the 

prominence of residuals (spores or resting cells), and a metric of community connectivity 

(networked interactions). 

The lake system is an obvious choice for model development and calibration because 

there are three years time series observations, including the whole lake mixing manipulation, 

that are readily available. But, any predictive value would result from validation in other 

systems. This could be achieved by expanding from lake or freshwater systems, for instance, to 

human guts, soils, marine water, biofilm, or engineered environments. As a first step, a 

literature review and meta-analysis of disturbance and microbial community resilience could 

provide estimates of some of the "boxes" in the conceptual map for different systems, and a 

rudimentary model developed that would incorporate the hypothesized relationships between 

those estimates. 

A next step would be to conduct small-scale, controlled disturbance experiments in each 

of these systems, and new time series collected with the intention of developing and testing a 
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predictive model for resilience. Ideal systems for these experiments would include those that 

have rapid growth (for instance, a lab-scale biofilm grown on rich media, or dental biofilm, or a 

kombucha symbiotic culture of bacteria and yeasts) or a constrained growing "season" (for 

instance, the microbiota of the florasphere or soil from an agricultural field) so that 

experiments could be easily replicated. 

In conclusion, my dissertation research has prompted more science questions for me 

than it has resolved. I suppose this is normal. 

Onward, microbial ecology! 

Endnote 

A portion of my research with Trina McMahon and the Microbial Observatory has not 

been included in my dissertation. The following references are published work that are related 

to this dissertation, and may be of curiosity to researchers who have interest in the themes of 

microbial ecology and habitat heterogeneity, lake mixing, or merging environmental sensing 

with microbial ecology: 

Shade, A., C-Y Chiu, and K.D. McMahon. 2010. Compositional response of aquatic bacterial 
communities to epilimnion versus hypolimnion transplant. Environmental Microbiology. 12:455-
466. 

Shade, A., C.C. Carey, E. Kara, S. Bertilsson, K.D. McMahon, and M. Smith. Can the black box be 
cracked? The augmentation of microbial ecology with high-resolution, automated sensing 
technologies. ISME Journal. 3:881-888 

Kara, E. and A. Shade*. 2009. Temporal dynamics of South End tidal creek bacterial 
communities, Sapelo Island, Georgia. Applied and Environmental Microbiology. 75:1058-1064. 



202 

Figure 5.2. 
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Figure 1. Quadrant model of the habitat heterogeneity interfaces in space and time for 

bacterial communities that inhabit systems of similar fluidity. I hypothesize that highly resilient 

microbial communities occur when habitat heterogeneity is high in either space and time, but 

not both or neither. 
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Figure 5.2. 
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Figure 2. Working conceptual model of the biological and environmental components that 

contribute to microbial community resilience. 
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