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One of the ecosystem management goals is to understand how disturbance 

regimes influence an ecosystem’s traits and integrate the regimes into management 

criteria.  This study contributes to the understanding of ecosystem energetics under 

disturbance by investigating the relationships between disturbance and ecosystem 

processes in the context of the current ecological paradigms: intermediate disturbance 

hypothesis (IDH), ecosystem maturity, and pulsing.  The responses of gross primary 

productivity (GPP) and ecosystem respiration rate (ER) to water motion disturbance 

regimes were tested using open-top aquatic microcosms, and the mechanisms of the 

resultant patterns from the microcosms were suggested by computer simulation models. 

Each microcosm developed a unique system and maintained a balance between 

GPP and ER through the self-organizing processes.  Each microcosm showed a distinct 

relationship between disturbance regime and GPP.  The mechanisms for the distinct 

relationships were explained by changes of efficiencies in energy flow pathways of a 

system under disturbances and by a disturbance threshold above which the efficiencies 

are permanently altered.  The tests of the disturbance effects on GPP and ER under 

different maturities of microcosms supported the current theory on the ecosystem’s 
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development arguing that an ecosystem reinforces internal structures and thus 

becomes more resistant to disturbances over time.  GPP and ER oscillated over time in 

the microcosms, and the wavelength and amplitude of the GPP and ER pulsing patterns 

were amplified by disturbance in microcosms’ early stages of development, compared 

with those of an undisturbed system.  As originally intended, the combined study of 

microcosms and simulation models provided new hypotheses on disturbance and 

ecosystem processes, which need to be tested further using microcosms, simulation 

models, or in the field.     
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1CHAPTER 1   
INTRODUCTION 

Statement of the Problem 

Natural disturbance has been recognized as an important component of 

ecosystems for maintaining ecological integrity in recent decades (Grumbine, 1994; 

Ward, 1998).  In accordance with this recognition, ecologists have published a number 

of studies on how natural disturbance influences ecosystem structures, such as species 

diversity or patch dynamics (see reviews and analyses by Mackey and Currie, 2001; 

Pickett and White, 1985; Sousa, 1984).  Considering that ecosystem processes, such 

as primary production, respiration, and decomposition, ultimately build ecosystem 

structures, the fundamental relationship between natural disturbance and ecosystem 

processes has not been discussed or studied much in spite of its potential significance.  

Although recent studies (Cardinale et al., 2005; Haddad et al., 2008; Kondoh, 2001; 

Worm et al., 2002) demonstrated the complex relationship among species diversity, 

productivity, and disturbance, they regarded disturbance and productivity as two 

interacting independent variables affecting species diversity.  Because energy flows 

related to productivity (or another process) in an ecosystem are likely to be influenced 

by disturbance regimes, such as how often disturbances occur or how strong they are, 

certain patterns may be inherent in the relationship between disturbance regimes and 

the impacted ecosystem processes.  For this reason, it is important to investigate how 

ecosystem processes respond to disturbance regimes in light of current ecological 

paradigms potentially related to disturbance.  In addition, as Shea et al. (2004) pointed 

out, it is also important to identify the mechanistic basis of any resultant patterns of 

disturbance effects.  



 

17 

Research Questions 

This study investigated how ecosystem processes respond to disturbance regimes 

to answer the following four research questions:   

 What are the relationships between disturbance intensities and ecosystem 
processes?  Mackey and Currie (2001) recently analyzed the published literature 
on the relationship between disturbance regimes and ecosystem structures, 
arguing that the relationships may be various in contrast to the conjecture of the 
intermediate disturbance hypothesis (IDH) earlier proposed by Grime (1973) and 
Connell (1978).  The IDH is still controversial among contemporary ecologists.  
Meanwhile, it has rarely been discussed whether such a hypothesis as the IDH is 
applicable to the relationship between disturbance intensities and ecosystem 
processes.  Fundamental relationships between disturbance intensities and 
ecosystem processes would allow better understanding of how a disturbance 
influences energy flows in an ecosystem. 

   
 What are the relationships between disturbance frequencies and ecosystem 

processes?  It is questionable whether certain disturbance frequencies increase 
energy flows in an ecosystem.  Also, if disturbance frequencies influence 
ecosystem processes, the effects of disturbances on energy flows of an 
ecosystem may differ depending on whether the disturbances are continuous or 
discrete.   

 
 How do ecosystem processes respond to disturbance regimes under different 

ecosystem maturities?  Margalef (1963) proposed general trends of ecosystems 
according to their successional stages (maturities), where a mature ecosystem 
tends to be strongly influenced by internal successional trajectories, whereas a 
less mature counterpart tends to be more affected by external forces such as 
disturbances or environmental fluctuations.  Distinct responses of ecosystem 
processes to disturbance events under different maturities would allow better 
understanding of how an ecosystem self-organizes and reinforces its ability to 
resist and recover from external disturbances.  

 
 How does disturbance influence ecosystems’ internal pulsing regimes?  Pulsing 

has recently been recognized as being prevalent in ecosystems (Odum et al., 
1995).  If internal processes of an ecosystem fluctuate over time, a disturbance 
may influence the oscillating patterns.   

 
To answer the four questions regarding disturbance effects on ecosystem 

processes, freshwater aquatic microcosm experiments were conducted under controlled 

water motion disturbance regimes in the laboratory.  Unlike in a seawater environment, 
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where turbulence is prevalent, freshwater organisms in the littoral zone of Florida lakes 

from which the microcosm water and sediment samples were transplanted were 

expected to be well adapted to the still-water condition, so the water motion generated 

in the experiments was regarded as disturbance.  As variables of ecosystem processes, 

gross primary productivity (GPP) and ecosystem respiration rate (ER) were estimated 

by monitoring water column pH and alkalinity changes of the microcosms over time.  

Four different regimes of water motion disturbance were applied to the four replicated 

sections in a microcosm tank to test how GPP and ER of microcosms respond to the 

different disturbance regimes through the process of self-organization.  A modeling 

study followed the microcosm experiments to suggest possible mechanisms of resultant 

patterns from the microcosms.  A steady-state model of an aquatic microcosm was 

established, and parameters were modified to include disturbance factors based on 

hypotheses regarding disturbance effects.  A final synthesis of microcosms and 

simulation models suggested the patterns and their possible mechanisms. 

Studies on Ecological Disturbance 

Progress in the Theory of Ecological Disturbance 

Disturbance is a major source of ecosystem dynamics and heterogeneity in 

temporal and spatial scales (Sousa, 1984).  As the concept of ecosystem has shifted 

from a static to a dynamic pattern-and-process view of nature (Grumbine, 1994), 

disturbance has been regarded as an integral part of ecosystems (Ward, 1998).  As 

Laska (2001) noted, however, researchers have studied ecological disturbance with 

alternative definitions and concepts, which ultimately impeded the generation of a 

unified theory on disturbance.   
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The alternative definitions and concepts of disturbance were partially attributed to 

the scale of a system in question.  Whereas studies of the effects of a disturbance on 

individual species (e.g., Larsson et al., 1986) focused on the physiological change of the 

species under the disturbance, studies on landscape-scale impact of large disturbance 

(e.g., Turner et al., 1998) explained the role of disturbance as an opening of a patch and 

the colonization of new species.  Levin and Paine (1974) emphasized the effects of 

disturbance on spatial patch dynamics, whereas Sousa (1984) later defined disturbance 

from the perspective of individual organisms.  From the perspective of scale, Pickett et 

al. (1989) suggested a concrete description of ecological disturbance based on the 

concept of hierarchical structure of ecosystems and of the “minimal structure” by which 

a system of interest persists.  They proposed a new definition of disturbance as follows: 

“Disturbance is a change in the minimal structure caused by a factor external to the 

level of interest.”  This definition emphasizes the importance of scale of observation in 

disturbance studies.  For instance, a disturbance at an individual level may not be 

regarded as such at an ecosystem level.  As Sparks et al. (1990) pointed out, whether a 

certain force is a disturbance to a system can be determined by identifying “normal 

condition” in the system and by monitoring a threshold above which it is regarded as a 

disturbance in the long term. 

The type of an ecosystem studied or the subject of a study also influenced the 

alternative concepts of disturbance.  For example, Sousa (1979) explained the 

mechanisms of species diversity in an intertidal boulder field in southern California with 

the opening of habitat by intermediate frequency of wave disturbances, whereas 

Boerner (1982) addressed the impacts of fire in temperate ecosystems with regard to 
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nutrient cycling.  Recent studies (Bond-Lamberty et al., 2007; Randerson et al., 2006) 

investigated the effects of fire from the perspective of carbon cycle and subsequent 

global climate change.  The definition of disturbance proposed by Pickett et al. (1989), 

thus, suggests that no unifying theory of disturbance exists and that the theory of 

disturbance needs to be addressed in each scale of interest and in each subject of 

study.     

Although many studies investigated the effects of one disturbance type on 

ecosystem traits (e.g., floods by Bornette and Amoros, 1996; temperature by Gates et 

al., 1992; wind by Nowacki and Kramer, 1998; waves by Sousa, 1980; hurricanes by 

Vandermeer et al., 2000), ecosystems are generally under the influence of compounded 

disturbances of different types superimposed or in a rapid sequence, and the mixture of 

disturbances may have multiplicative effects on the ecosystems’ structures and 

processes (Paine et al., 1998).  As an example of the interactions between different 

disturbance types and their emerging effects on ecosystems, Platt et al. (2002) studied 

the effects of hurricane-fire interactions on the mortality of trees.  They investigated how 

different fire types influenced the potential effects of hurricanes on the mortality of slash 

pine trees.  In the study, the mortality of the slash pine trees was higher during and after 

the hurricane when the ecosystem was pre-disturbed by dry-season anthropogenic fires 

than when the system was unburned or pre-disturbed by wet-season natural fires.  The 

sites disturbed by wet-season fires maintained lower mortality than the unburned sites 

during and after Hurricane Andrew in 1992.  A simultaneous or subsequent disturbance 

may cause emerging effects on ecosystem traits, which cannot be predicted from the 
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effect of each disturbance, by altering the physical or biological environment shaped by 

the other disturbances. 

Although past research on disturbance addressed the unidirectional effects of 

disturbance on ecosystem traits as Sousa (1984) reviewed, Mack and D’Antonio (1998) 

and Corenblit et al. (2008) recently addressed the importance of the reciprocal 

adjustments between biotic and abiotic components (disturbances) in ecosystems.  

Mack and D’Antonio (1998) argued that human management activities or community 

behaviors may inversely alter the disturbance regimes, which ultimately changes the 

ecosystem structure and function and makes it difficult to predict the pattern of future 

disturbance regimes.  For instance, the introduction of a new species to an ecosystem 

may modify the existing disturbance regimes, which ultimately pushes the ecosystem to 

a new transitional state caused by an extinction of the native species.  Corenblit et al. 

(2008) introduced the recent recognition of biotic-abiotic feedbacks from the 

geomorphological perspective with examples of “ecosystem engineers.”  The concept of 

“niche construction” (Odling-Smee et al., 1996), which implies that biotic components 

build their own or others’ physical environments, provided a new insight on the biotic-

abiotic feedbacks contrary to the classic concept of ecological niche (Hutchinson, 1957).  

The niche construction concept indicates that disturbance regimes may be altered by 

species’ feedback controls in the evolutionary time scale.    

Disturbances are characterized by their specific regimes.  Similar to the definitions 

of disturbance regimes provided by Sousa (1984) and van der Maarel (1993), Shea et al. 

(2004) recently characterized them by intensity, frequency, spatial extent, and duration 

as follows: 
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 Intensity describes how strong a disturbance is, and can be defined with various 
units depending on the disturbance agents, such as 10 m/s wind speed or 40°C 
temperature.  The same disturbance intensity, however, does not necessarily have 
the same effect on different communities.  The response of a community depends 
not only on the disturbance intensity but also on the vulnerability of the community 
to the disturbance.  Sousa (1984) defined the strength of a disturbance agent and 
the damage of a disturbed system as intensity and severity, respectively.  

 
 Frequency addresses how often disturbances occur in a given time.   

 
 Spatial extent addresses the area affected by a disturbance event.   
 
 Duration indicates how long an individual disturbance lasts.  The frequency and 

duration determine the temporal characteristics of a disturbance.   
 
Disturbance and Ecosystem Structures 

The importance of biodiversity has been a core issue among contemporary 

ecologists (see a review by Hooper et al., 2005), and many studies in ecology have 

focused on the mechanisms of the maintenance of species diversity.  Some researchers 

have emphasized productivity as a mechanism for species diversity (see a review by 

Waide et al., 1999).  As Waide et al. addressed, recent studies on the relationship 

between productivity and species diversity increasingly suggested the influence of 

scale.  Kassen et al. (2000), in a study of species diversity in a laboratory microcosm, 

demonstrated the unimodal relationship between productivity and diversity by niche 

specialization in a small heterogeneous environment.  They also suggested that 

diversity would increase linearly with productivity on a large scale because of the 

increased number of different niches and decreased immigration between niches.  

Dodson et al. (2000) analyzed previous data on 33 lakes to investigate the relationship 

between primary productivity and species richness.  They showed that the relationship 

could be varied depending on species types or scales of the ecosystems under 

investigation.  Although the productivity-richness relationships for rotifers, cladocerans, 
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copepods, and macrophytes were unimodal, those for phytoplankton and fish were 

strongly dependent on lake area.  Chase and Leibold (2002) investigated the 

importance of scales in diversity-productivity relationships.  From the research on 

sample pond sites, they concluded that species richness at the local scale is maximum 

at the intermediate level of productivity, while the relationship is positive monotonic at 

the regional scale because of the increase of β-diversity (species compositional 

difference among localities).  Mittelbach et al. (2001) analyzed 171 published studies on 

productivity-richness relationships, and found that the hump-shaped or positive 

relationship was most prevalent although the percentage of each pattern may depend 

on the scale or type of ecosystem.  

Disturbance has been extensively studied as one of the mechanisms for species 

diversity or other ecosystem traits across various ecosystem types (e.g., Armesto and 

Pickett, 1985; Denslow, 1980; Eisenbies et al., 2005; McCabe and Gotelli, 2000; 

McIntyre and Lavorel, 1994; Resh et al., 1988; Sousa, 1979; Wilson and Keddy, 1986; 

Woodin, 1981).  The intermediate disturbance hypothesis (IDH) has suggested the 

relationship between disturbance regime and species diversity (richness) as a hump-

backed pattern where the maximum diversity occurs in the middle range of disturbance 

regimes as shown in Figure  1-1 (Connell, 1978; Grime, 1973).  From the perspective of 

the non-equilibrium hypothesis, Connell (1978) explained the IDH as one possible 

model for the maintenance of species diversity.  He suggested that species diversity 

may be maintained by the combination of six models, which consist of the three non-

equilibrium hypotheses (the IDH, the equal chance hypothesis, and the gradual change 

hypothesis) and the three equilibrium hypotheses (the niche diversification hypothesis, 
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the circular networks hypothesis, and the compensatory mortality hypothesis), although 

the importance of each model in the contribution to diversity differs depending on 

temporal or spatial scales.  Meanwhile, the mechanism of the IDH has been explained 

by a trade-off in species-specific abilities: they can resist competitors or disturbance, but 

cannot excel at both (Petraitis et al., 1989).  A recent study by Haddad et al. (2008), 

however, did not observe the competition-colonization trade-off explained in the classic 

IDH mechanism.  Roxburgh et al. (2004) suggested the between-patch and the within-

patch models as advanced theoretical models of the species coexistence mechanisms 

from the IDH to overcome the weakness of the IDH that requires patchy disturbances.  

In the between-patch model, the IDH is explained using a trade-off between competitive 

ability and dispersal in the spatial context.  That is, better competitors can survive in the 

low disturbance frequency while the high frequency disturbance opens a new patch for 

better dispersers.  In this context, the intermediate disturbance frequency opens a new 

patch in the spatial scale for colonizers (better dispersers) while maintaining the better 

competitors, which results in the high number of coexisting species in the long term.  In 

the within-patch model, all species in a patch are under the same disturbance regime, 

so the patch is spatially homogeneous under disturbance but temporally 

heterogeneous.  Once the patch is destroyed by a disturbance, better dispersers can 

first dominate within the patch with the later domination by better competitors.  The 

coexistence of dispersers and competitors thus can be realized by the repeated 

disturbance events with the intermediate frequency.  Although the IDH was supported 

by some empirical studies (e.g., Flöder and Sommer, 1999; Sousa, 1979; Townsend et 

al., 1997), Chesson and Huntly (1997) argued that disturbance alone does not explain 
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species coexistence mechanisms because disturbance not only lessens species 

competitions but also lowers growth rates.  They emphasized that species coexistence 

requires species interactions and niche opportunities created by disturbance in the 

spatial and temporal scales.  Bongers et al. (2009) recently investigated the diversity 

patterns in tropical forests of Ghana with large-scale datasets.  They concluded that the 

IDH could explain the variation of diversity in dry forests but not in wet tropical forests.  

This conclusion may imply that species differ in the response to disturbance regimes 

and that the IDH alone cannot explain species diversity patterns.  In this regard, Mackey 

and Currie (2001) analyzed 197 cases from the relevant literature on the relationship 

between disturbance regimes and species traits (species richness, diversity, or 

evenness) to investigate whether the IDH was supported by those studies.  They 

identified various shapes for the relationships: positive monotonic, negative monotonic, 

peaked, U-shaped, and non-significant.  They pointed out the prevalence of the 

“non-significant” patterns in the previous studies: 35% (richness-disturbance), 28% 

(diversity-disturbance), and 50% (evenness-disturbance) out of the five patterns. 

From the perspective that species diversity is not determined only by productivity 

or disturbance, researchers have recently suggested the importance of combined 

effects on species diversity.  For example, Fukami and Morin (2003) demonstrated the 

importance of community assembly history on the productivity-diversity relationships 

using aquatic microbial communities.  Kondoh (2001) studied how disturbance and 

productivity influence the species richness using a numerical model.  In the model, 

species richness was highest when productivity and disturbance were well balanced, 

and was lowest at each extreme.  This result may be supported by the study by Jenkins 
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et al. (1992) on productivity, disturbance, and food web structures.  Jenkins et al. 

suggested that if productivity is high enough to support a long food chain in an 

ecosystem, as an extreme case, the chain may be easily destroyed under a 

disturbance.  The importance of interaction between productivity and disturbance for 

species diversity was also demonstrated by Cardinale et al. (2005) and Worm et al. 

(2002).  Haddad et al. (2008), in an experimental study, concluded that diversity 

patterns under certain disturbance regimes and productivity levels may be determined 

by species traits such as competitive ability and growth rate.           

Disturbance and Ecosystem Processes 

Although the recent studies on the relationships among productivity, disturbance, 

and species diversity regarded productivity and disturbance as two independent 

variables interacting to affect species diversity, the relationships can be more 

complicated because disturbance may influence productivity, as Haddad et al. (2008) 

pointed out.  Wootton (1998) investigated the IDH from a multitrophic perspective in the 

modeling study.  Previous studies on the IDH focused on a single trophic level for 

species competition and assumed the other trophic levels to be static.  Wootton argued 

that the validity of the IDH depends on the trophic level of species so that the IDH needs 

to be carefully interpreted from the multitrophic perspective.  The multitrophic approach 

in disturbance studies may indicate potential significance of ecosystem processes in 

disturbance theories, by which ecosystem-level energy flows under disturbance can be 

assessed in a holistic view.  Sprugel (1985) argued that a number of disturbance 

studies have focused on the relationship between disturbance and ecosystem 

structures in part because of the less drastic effect of disturbance on the ecosystem’s 

energetic parameters and because of the difficulty in their measurements.  The less 
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drastic effect may be caused by energetic trade-offs in a system.  For instance, even if 

an ecosystem loses half of its species, which is a drastic change in the structure of the 

system, the remnant keystone species (Power et al., 1996) may maintain or improve the 

major energy pathways, so the energetic parameters may not be altered by disturbance. 

Reiners (1983) and Odum and Odum (2000) built models and simulated net 

production under disastrous disturbances.  In the destructive model by Odum and 

Odum (2000, p.241), assets were drained by a destructive pulsing event.  The resultant 

pattern of the assets was represented as a gradual recovery after a crash during the 

pulsing event.  The models built by Reiners (1983) and Odum and Odum (2000), where 

disturbances are large and destructive, however, unrealistically represented only one 

type of disturbance regime instead of the various regimes of disturbances in nature.  

Meanwhile, Scheffer et al. (2001) proposed a hypothesis of alternative stable states.  

The alternative stable states hypothesis argues that the state of an ecosystem abruptly 

changes to an alternative stable state when a disturbance regime exceeds a certain 

threshold.  They also suggested that the threshold of disturbance, under which a system 

sustains its stable state, is altered by external perturbation, which was supported from 

the microcosm study by Jiang and Patel (2008). 

Although studies on the effects of disturbance on ecosystem processes and their 

mechanisms have not been published as often as those on ecosystem structures, a few 

empirical studies have investigated how disturbance influences ecosystem productivity 

or respiration rate.  For example, Houser et al. (2005) investigated the effect of upland 

soil and vegetation disturbance on stream metabolism.  In their study, disturbance 

intensity was defined as the land use (percentage of bare ground on slopes greater than 
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5% in each catchment).  They concluded that gross primary productivity (GPP) was not 

significantly correlated with disturbance intensity because of the low GPP in stream 

ecosystems although the relationship between ecosystem respiration rate (ER) and 

disturbance intensity was dependent on the season of the year.  Productivity has been a 

fundamental issue in forest management, and Kimmins (1996) addressed the 

importance of disturbance affecting the determinants of production, such as soil 

temperature, decomposition rate, and soil drainage.  In a similar context, Eisenbies et 

al. (2005) investigated the effects of soil physical disturbance by intensive harvesting 

practice on soil productivity in pine plantations.  They suggested possible mechanisms 

of increased productivity under moderate disturbance, such as competition control or 

increased rate of nitrogen mineralization. 

Water Motion Disturbance 

Water motion is an important driving force for production or control of physiological 

rates and community structure in aquatic ecosystems (Hurd, 2000).  There have been 

many studies on the effects of water motion on the physiology of aquatic organisms 

(Charters et al., 1973; Clarke et al., 2005; Dodds, 1989; Gordon and Brawley, 2004; 

Hurd, 2000; Mass et al., 2010; McAlister and Stancyk, 2003; Thomas and Vernet, 1995; 

Whitford and Schumacher, 1961; Whitford and Schumacher, 1964) or on ecosystems 

(Gagnon et al., 2003; George and Edwards, 1973; Kemp and Mitsch, 1979; Margalef, 

1997; Petersen et al., 1998).   

Whitford and Schumacher (1964) discovered that flowing water is an important 

mechanism for the mineral uptake of algae in lotic freshwater ecosystems.  Mass et al. 

(2010), in a recent study on the photosynthesis of marine benthic autotrophs, 

emphasized the importance of the flow-driven oxygen efflux for high productivity.  Kemp 
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and Mitsch (1979) modeled species coexistence mechanisms under water motion, and 

suggested that the highest diversity occurs under turbulence with periodicity close to the 

turnover time of competing phytoplankton species and under high kinetic energy.  

Petersen et al. (1998) investigated the effects of water motion on the structures and 

processes of coastal planktonic ecosystems by mimicking the coastal mixing regimes.  

But they did not find any significant effect of the mixing regimes on the ecosystem 

processes, such as productivity and respiration rate.  Gordon and Brawley (2004) 

studied the effect of water motion on algal reproduction under the controlled water 

motion regimes in the laboratory.  They demonstrated that water motion regimes 

influence reproduction of Alaria esculenta and Ulva lactuca.  In addition, they pointed 

out that the effects of water motion are different among species and that the distinct 

responses of species to water motion may be attributed to their life histories.  As Sparks 

et al. (1990) argued, a disturbance is regarded as a deviation from a normal 

environmental condition in the long term, which implies that not all water motions are 

regarded as disturbances depending on the life histories of species or ecosystems 

adapted to the water motions. 

Ecosystem Theories and Disturbance 

Self-Organization and Hypotheses on Ecosystem-Level Strategies 

Odum (1988) argued that interactions of species reinforce the organization of the 

system by trial-and-error processes in a given environment.  He exemplified self-

organization with a balanced aquatic microcosm where the initial seeds with many 

available species and abiotic components develop a basic ecosystem by selecting 

necessary components.  In the same context, Levin (2005) defined an ecosystem as a 

complex adaptive system, where a whole selects the parts and their interactions by 
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feedback, adaptation, and regulation to maintain homeostasis.  In the early reasoning 

on self-organization, Ashby (1962) explained “organization” as the interdependence or 

conditionality of components, where constraints exist in the relationship between 

components.  Although an ecosystem is regarded as a whole composed of 

interdependent components in cybernetics, it is unknown whether the components of a 

system ultimately have a common goal and whether the organization benefits all 

individuals.   

Researchers have proposed hypotheses on the ecosystem-level strategies or 

tendencies in self-organizing processes (Lotka, 1922; Odum, 1969; Odum, 1995; 

Ulanowicz, 1997).  Lotka (1922) proposed the maximum power principle (MPP) 

hypothesizing that flux of “available energy” directed into a system by efficient energy-

capturing devices determines the prevalence of the system.  Odum (1983) later 

articulated the MPP as a strategy of a prevailing ecosystem maximizing “useful power,” 

by which the system feeds back and amplifies other energy pathways to sustain itself.  

In the MPP, Odum (1983) also pointed out the trade-off between power and efficiency in 

a system.  This trade-off implies that disturbances change the efficiency in power-

capturing devices of a system increasing or decreasing power inflows into the system.  

Cai et al. (2004) argued that the maximized power is a system’s rate of acquisition of 

useful energy.  Because part of the acquired energy by the system is consumed as 

useful energy and the rest of it is dissipated, however, it is difficult to recognize how 

much “useful energy” is drawn in by the system.  Odum (1969) suggested that 

ecosystems generally maintain higher productivity during the early successional stage 

and higher species diversity during the later successional stage, which may imply that 
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the potential for increasing diversity and overcoming disturbance is supported by 

accumulation of energy.  In this regard, GPP (the rate of photosynthetic production) 

indicates the degree of active capture of light by autotrophs providing an ecosystem 

with directly usable energy resources for enhancement of structures.   

 Ulanowicz (1997) proposed ascendency as a hypothesis on ecosystem 

development and defined it as the product of total system throughput (TST) and the 

network average mutual information (AMI).  As systems develop, TST (the total energy 

flow) and AMI (the average amount of constraint between compartments) increase to 

some extent.  Ulanowicz (1997) proposed that a system’s total capacity is composed of 

ascendency and overhead.  Overhead is generated by redundancy of inputs, exports, 

dissipations, and pathways.  According to the ascendency theory, ascendency grows at 

the expense of overhead.  Because overhead plays an important role as a buffer 

against external disturbances, a sustainable system may not maximize the ascendency 

but will optimize ascendency and overhead.  With the strategy of a system balancing 

between ascendency and overhead, ascendency varies depending on the disturbance 

regimes and adaptation of species.  While a destructive disturbance may reset a system 

to a low ascendency, a certain range of disturbance regimes may increase ascendency 

by promoting efficiency and reducing redundancy of the system.   

Ecosystem Traits during Succession 

Tansley (1935) described the succession of an ecosystem as the normal 

vegetational change and progress toward integration and stability of climax.  Connell 

and Slatyer (1977) later crystallized the mechanisms of succession by three models: 

facilitation, tolerance, and inhibition models.  The three models suggested how 

ecosystem succession proceeds after empty space is occupied by pioneer species that 
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have broad dispersal powers and rapid growing ability.  Each model has a distinct point 

of view on the response of species to environmental constraints and biotic modifications 

of the environment.  The facilitation model hypothesizes that the later species can 

colonize after the environment is modified by the pioneer species, which occurs in 

primary succession or heterotrophic succession.  The tolerance model, though there is 

little evidence, hypothesizes that later species that are tolerant in the low resource 

availability occupy the space with the pioneer species.  The third inhibition model 

suggests that later species cannot invade the space until the pioneer species release 

resources by death or damage.  Although the “climax” in the succession has been 

regarded as the stable dynamic equilibrium after Tansley (1935), the current paradigm 

of succession (Pickett, 1976) and pulsing (Odum et al., 1995) recognized the climax as 

one of the temporary peaks in the long-term fluctuations and emphasized the dynamic 

responses of ecosystems to environmental constraints (e.g., disturbance). 

Margalef (1963) argued that “mature ecosystems” tend to have higher complexity, 

more information, and higher efficiency (lower production/biomass ratio) than less 

mature ones.  One exception suggested by Margalef (1963) is that progressive change 

through the succession may be limited by disturbance or any changing environment 

under which the ecosystem is occupied by highly reproductive and less-specialized 

species.  Beyers (1962), through his microcosm study on the response of an ecosystem 

to external temperature stresses, hypothesized that a highly integrated ecosystem with 

strong interdependence among system components is likely to be less affected by 

environmental extremes because of maintained homeostasis.  The arguments by 

Margalef (1963) and Beyers (1962) are synthesized to suggest that the future direction 
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of a mature ecosystem depends more on internal factors than on external disturbances 

or environmental changes.  In a similar context, Odum (1969) suggested more specific 

trends of ecosystem attributes between developmental and mature stages.  According 

to Odum, mature stages are characterized by complex, well-organized, low-growth, and 

high-information structures.  He suggested the ecosystem-level ratio between 

production and respiration (P/R) as an indicator of autotrophic or heterotrophic state of 

an ecosystem, and the P/R approaches 1 as the system becomes mature.  Sousa 

(1980), from the perspective of ecosystem structure, studied the response of intertidal 

algal community to the disturbance (turnover of boulder) under different successional 

stages.  He demonstrated that early successional communities are easily damaged by 

disturbance but recover more quickly from the damage than late successional 

communities.  He also concluded that the responses of communities are dependent on 

the disturbance regimes, and identified several thresholds of the responses, which may 

be attributed to the life histories of species.  Halpern (1988), in the study of 

Pseudotsuga forests in the western Cascade Range, Oregon, suggested that long-term 

responses of communities are influenced by the interactions among life history, 

disturbance intensity, and chance. 

Resistance and resilience are ecosystem traits indicating how well an ecosystem 

resists and recovers from disturbance events.  The resistance and resilience of an 

ecosystem may change throughout the developmental stages depending on the 

strength of species’ interactions and buffering capacity of the system.  Peterson and 

Stevenson (1992) investigated how disturbance timing influences resistance and 

resilience of stream ecosystems from the perspective of community structures.  
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Although they demonstrated that the resistance of benthic algal communities was 

dependent on the developmental stages of communities and disturbance regimes, the 

resistance and resilience of communities could be affected by complex interactions of 

environmental conditions.  In this regard, resistance and resilience may have a close 

relationship with how components of an ecosystem develop networks of energy, matter, 

and information over time.  Researchers have recently discovered “scale-free” networks 

where some nodes have a number of linkages, and most nodes have a few connections 

with other nodes so that the number of links and nodes form a power distribution with a 

hierarchical structure (see reviews by Albert and Barabási, 2002; Barabási and 

Bonabeau, 2003).  The scale-free network has been shown in many relations, such as 

social, Internet, and biological networks.  Ecosystem networks resemble the scale-free 

networks in that a food web is a hierarchical structure where a few high-trophic-level 

species control the majority of low-trophic-level species (Odum, 1988).  This kind of 

network is resistant and resilient to disturbance unless the high-linkage nodes are 

severely attacked (Barabási and Bonabeau, 2003).  As succession proceeds, an 

ecosystem tends to accommodate higher-trophic-level species, and how much the 

system is resistant or resilient under disturbance may depend on how much the species 

in the higher trophic levels are secure from the damage. 

Pulsing Paradigm 

Pulsing has recently been recognized as a general pattern of ecosystems (Odum 

et al., 1995).  In ecosystem theories, pulsing indicates not only external disturbances or 

regular abiotic fluctuations but also internal oscillations of population or energy storage.  

Campbell (1984) investigated energy filter properties of ecosystems where matching 

input frequencies of external source to turnover properties of internal organisms 
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determined power-capturing capacity.  In a modeling study, Kemp and Mitsch (1979) 

suggested that species coexistence is maximized when the frequency of turbulence is 

close to the turnover rate of the related species.  Odum et al. (1995) also introduced the 

hypothesis that the matching of internal and external pulses may enhance the 

performance of an ecosystem.  Kang (1998) modeled different kinds of paired 

producer-consumer units in series, and the result of simulation suggested that an 

internally pulsed system draws more untapped energy in the production processes than 

a steady-state one by providing optimum load to the production function.  Yamamoto 

and Hatta (2004) investigated the effects of pulsed nutrient supply on phytoplankton 

diversity using a numerical model.  The results of the study suggested that species 

diversity is maximized in the intermediate frequency of nutrient pulses although the 

frequency regime maximizing the density of species may depend on the physiology or 

life history of each species.  In the model, however, the phytoplankton cell density 

oscillated in accordance with a frequency of nutrient pulse so that no pulsing of cell 

density was observed under the continuous nutrient supply, which is different from the 

simulation models by Kang (1998) or Zwick (1985) where the oscillation of biomass was 

generated by internal autocatalytic processes.     

Microcosm Studies 

Microcosm Overview 

While a naturally generated small ecosystem has been called a microcosm, a 

microcosm generally means an isolated ecosystem in an artificial container created by 

humans (Beyers and Odum, 1993).  Many researchers have constructed ecological 

microcosms to study toxicology, microbiology, and community theories of aquatic and 

terrestrial ecosystems (Fraser and Keddy, 1997).  Both reductionistic and holistic 
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approaches of mesocosms, which have been used to test relevant problems as Odum 

(1984) addressed, have also been applied to microcosms.  From the perspective of 

reductionism, microcosms have been used to test individual species’ physiology (e.g., 

Boersma, 2000).  Studies on toxicology (e.g., Komjarova and Blust, 2009; Martin and 

Holdich, 1986) tested the response of individual species’ responses to specific 

chemicals or treatments.   

On the other hand, from the perspective of holism, ecosystem-level properties 

have been studied using microcosms.  Beyers (1963b) studied the ecosystem-level 

metabolism of the 12 aquatic microcosms sampled from San Marcos River, Texas.  His 

additional study on the ecosystem-level metabolic patterns of eight microcosms 

(Beyers, 1963a), which were established under different conditions of temperature, 

salinity, volume, light intensity, and species composition, demonstrated that net 

photosynthesis (net primary production) and nighttime respiration were maximal in the 

first half of the light or dark period.  This ecosystem-level approach in microcosm tests 

by Beyers (1963a) further addressed the problem of a life-supporting system where the 

metabolism of man might be threatened during the second half of the night period 

because of the rapid oxygen metabolism of the ecosystem during the first half of the 

night.  Several researchers studied ecosystem-level metabolism using microcosms 

(Cooper and Copeland, 1973; Ferens and Beyers, 1972; McIntire and Phinney, 1965; 

Sugiura et al., 1982).  Cai et al. (2006) recently used aquatic microcosms to test the 

maximum power principle, and they measured and analyzed the change of pH as an 

ecosystem-level property occurring by community metabolism. 
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A microcosm transplanted from a parent ecosystem usually self-organizes to a 

newly balanced isolated ecosystem.  The result of self-organization produces variations 

among microcosm replicates even if the initial input condition is similar.  Roeselers et al. 

(2006) demonstrated that the three identical biofilms grown under the same 

environment showed similar growth rates but different community compositions and 

species richness.  Although it is difficult to completely replicate microcosms, Beyers and 

Odum (1993) suggested that the replication of microcosms can be enhanced by cross-

seeding among the microcosms.     

The studies on species-area relationship (see Lomolino, 2000) suggest that 

species richness may be restricted in a small microcosm.  Ruth et al. (1994) studied the 

effect of microcosm size on the rate of benthic macroinvertebrate recolonization and 

community structure, and showed that the total number of taxa increased with the 

increase of microcosm size.  In this context, Carpenter (1996) argued that the size 

restriction of a microcosm may exclude the important features of communities and 

ecosystems.  But the basic ecosystem-level traits of self-organization from dispersed 

biotic and abiotic components, such as production-consumption, material cycles, and 

homeostasis have been demonstrated in many microcosms (see Beyers and Odum, 

1993).  In addition, a microcosm study quickly generates new ecological insights and 

hypotheses with which a new field experiment can be designed and conducted.  Hall 

(1964) argued that there is a trade-off between laboratory and field studies in ecological 

research.  Laboratory study hardly accommodates the real conditions of a parent 

ecosystem, whereas field study may produce significant errors in observation, and 

natural variables cannot be easily controlled or manipulated for cause-and-effect 
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analysis.  In a similar context, Benton et al. (2007) addressed the usefulness of 

microcosms for studying the effects of intractable large scale problems.   

Heath (1979), using state space analysis, showed that the response of a system to 

a given input sequence depends on the initial status of the system.  The range of 

response space thus becomes reliable by multiple experiments with various initial 

conditions under the same input sequence.  In this regard, microcosms transplanted 

from different ecosystems and treated with the same input sequence can test the range 

of response of such ecosystem types under a given treatment sequence.    

Ecosystem-Level Traits and Measurements 

Ecosystem-level energy flux cannot be easily inferred from the physiology of 

individual species.  Through the energy transformation processes, species interact and 

exchange materials with the surrounding environment.  For example, photosynthetic or 

respiratory processes of biotic components can be estimated by monitoring carbon 

dioxide or oxygen concentrations within the surrounding space.  In aquatic ecosystems, 

assuming material exchange between organisms and their environment, ecosystem-

level metabolic processes could be estimated by measuring the change of carbon 

dioxide, oxygen, or nutrient concentrations in the water column.  Odum (1956) and 

Copeland and Dorris (1964) measured oxygen concentration to estimate primary 

production in flowing waters.  In the oxygen method, the change of oxygen 

concentration in the water column occurs by gross primary production, respiration, and 

oxygen movement by diffusion.  Appropriate corrections of diffusion provide the primary 

production or respiration rate of the ecosystem under investigation.  Because diffusion 

is a significant part of the change of oxygen concentration in the water column, 

researchers applied distinct methods using a plastic dome (Copeland and Duffer, 1964) 
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or sulfur hexafluoride (SF6) (Wanninkhof et al., 1985) to estimate diffusive oxygen 

change.  Heffernan and Cohen (2010) measured nitrate concentration in the flowing 

water resulting from nitrate metabolism to estimate the primary production of spring-fed 

Ichetucknee River, Florida.  The nitrate method does not need gas exchange correction, 

although the use of the method is limited to the specific ecosystem type.  Carbon 

dioxide metabolism has been estimated either by using the C-14 tracer method 

(Peterson, 1980) or by monitoring water column pH (Beyers and Gillespie, 1964).   

A pH Method for Continuous Monitoring of Ecosystem-Level Metabolism 

Beyers and Gillespie (1964) used a CO2 water titration method to obtain a pH-CO2 

curve, but the method cannot provide the relationship between pH and CO2 

concentration in a continuous pH monitoring or changing alkalinity environment.  In a 

theoretical study, Skirrow (1965) provided a thermodynamic relationship among pH, 

alkalinity, and total CO2 concentration ([TCO2]) in a carbonate system.  The [TCO2] can 

be estimated by measuring water column pH and alkalinity and by plugging them into 

the thermodynamic equation.  The water column [CO2] change occurring by 

photosynthesis and respiration is calculated from [TCO2] by correcting [CO2] change by 

calcium carbonate precipitation and CO2 gas exchange across the air-water interface, 

which are the major contributing factors to water column [CO2] change (Smith, 1973).  A 

conceptual diagram of this pH-alkalinity method to estimate ecosystem-level 

photosynthesis and respiration in a freshwater aquatic microcosm is represented in 

Figure  1-2 using energy systems language (for history and syntax of energy systems 

language, see Brown, 2004). 

One of the uncertainties in the pH-alkalinity method for detecting photosynthetic 

and respiratory metabolisms of aquatic ecosystems is that a pH change may also be 
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affected by metabolic processes other than the inorganic carbon exchange, although 

typical diel patterns of water column pH show the most significant contributor to the pH 

change is the inorganic carbon exchange occurring by photosynthesis and respiration.  

The uncertain processes include nitrogen (NH4
+ or NO3

-) assimilation, excess cation or 

anion flux, and organic acid excretion in undissociated forms (Geider and Osborne, 

1992).  Regarding the pH-alkalinity method, Ryther (1956) pointed out that a relatively 

large metabolic [CO2] change may be necessary to detect the pH change in a 

freshwater or seawater that has buffering capacity.  Even if the resolution of a pH meter 

is as high as three decimal places, the pH meter may not sensitively detect the pH 

change occurring by production of oligotrophic aquatic ecosystems in the field where pH 

may vary because of spatial heterogeneity and temporal pH change. 

The uncertainty in the estimation of CO2 gas diffusive flux across the air-water 

interface is mainly attributed to the gas transfer velocity, k, which is dependent on the 

hydrodynamics and wind speed (MacIntyre et al., 1995).  In addition, Bade and Cole 

(2006) pointed out that CO2 mass transfer can be chemically enhanced in the high pH 

environment by the reaction of CO2 and OH-.  On the other hand, MacIntyre et al. 

(1995) reported that surface slicks, especially in stagnant water, may reduce the CO2 

gas diffusion.  Chemical enhancement and surface slicks can also create uncertainty of 

CO2 gas exchange across the air-water interface in the laboratory open-top aquatic 

microcosms in a reduced wind and hydrodynamic environment.   

Simulation Models of Disturbance 

Modeling a system with computer simulations is another useful methodology in 

studying ecological systems because the parameters, which are hardly controllable in 

the ecosystems, can be easily manipulated in the simulation process.  Ecological 
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systems can be modeled and simulated to suggest possible mechanisms of the 

observed phenomena, or to forecast system behaviors under distinct input conditions.  

Simulation with energy systems language provides information regarding storages 

or flows of ecological or general open systems under various input conditions 

(Montague, 2007).  Developed by H. T. Odum, the energy systems language and its 

diagram can illustrate components and their interactions in a system (Brown, 2004).  

Once the systems diagram is completed in the correct syntax of the energy systems 

language, the derivation of the equations governing a model system is fixed.  Then the 

simulation of the model is conducted using a computer programming language. 

Regarding the methodology of ecological modeling, it has been controversial 

whether the goals of modeling, such as prediction of patterns, guides for future 

experimentation, and knowledge synthesis, are best achieved using a simple or 

complex model (Aumann, 2007).  The simple models aggregate a system’s components 

into a functional unit, and focus on the essential part of the interactions in question.  On 

the other hand, the complex models represent details of components and their 

interactions as specifically as possible.  In fact, both the simple and complex models 

have strengths and weaknesses.  While the simple models are easy to communicate 

and minimize the complexity caused by many parameterizations, the complex models 

better reflect the real ecosystem by adding more pathways and parameters (Van Nes 

and Scheffer, 2005). 

Several researchers have studied the effect of disturbance on ecosystem traits 

using simulation models.  Odum and Odum (2000, p.241), in the mini model of 

destructive pulses, designated the roles of disturbance as draining accumulated assets 
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and recycling materials for regeneration (Figure  1-3).  Although these roles are 

important aspects of disturbance, the model is too simplified in that disturbance regimes 

in nature are varied in intensity and a certain disturbance does not necessarily drain all 

energy or material storages in a system.  Kondoh (2001) used a numerical model to 

simulate the effect of productivity and disturbance on species richness, and his model 

was represented by the following equation: 
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where pi is the proportion of patches occupied by species i, the first term is the 

colonization, the second is the loss by local extinction, and the last is the loss by 

competitive exclusion.  In Equation 1-1, increased productivity enhances the 

colonization rate of all species by a constant, R, and disturbance increases the 

extinction rate of all species by a constant, D.  Although this model includes productivity 

and disturbance as major factors determining species richness, it does not consider the 

influence of disturbance on the productivity of the system.  Also, it assumes that 

disturbance increases extinction rates of all species even though the effect of 

disturbance may depend on the life histories or successional ages of species, as Sousa 

(1980) pointed out.  As Kazanci (2007) pointed out, a differential equation-based 

simulation may have difficulty in representing important flows and restrictions of energy 

and materials among system components, which can be shown in a descriptive systems 

diagram as a holistic view.  The theory of alternative stable state (Scheffer et al., 2001) 

may recommend a certain threshold of a disturbance to be included in a model, above 

which a system abruptly changes to a new state.     
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Research Plan 

This study was intended to investigate common patterns of ecosystem processes 

under distinct disturbance regimes.  Thus, a distinct water sample was used to set up 

each microcosm, and common patterns of disturbance effects were analyzed across the 

different microcosms at the expense of replicates of one sample for the test of statistical 

significance.  To consider the effects of water motion disturbance, all the samples were 

collected only from one ecosystem type: lake. 

Eight samples of water and sediment were collected in five lakes at different times 

over 16 months, and each sample was used to set up two microcosms, one in Tank A 

and the other in Tank B.  Each microcosm was allowed to self-organize under the three 

consecutive periods: initial stabilization, disturbance, and post-disturbance.  Each 

microcosm was divided into four sections (Sec 1, 2, 3, and 4) replicated during the initial 

stabilization period and treated with water motion disturbance regimes differing either 

intensity or frequency.  Because response of an ecosystem may be different according 

to the timing and duration of disturbance, several distinct durations of initial stabilization 

and disturbance periods were applied to different microcosms.  The post-disturbance 

period lasted 15 days for all microcosms, assuming a 15-day average turnover time of 

high-trophic-level species in the microcosms.     

The microcosms for the “intensity test” were designed to test how distinct 

disturbance intensities influence GPP and ER.  Figure  1-4 shows the overall scheme of 

water motion disturbance regimes applied to the four sections of a microcosm during a 

disturbance period with time and disturbance power in the x and y axis, respectively.  

The distinct disturbance powers, or intensities, were applied to four sections of each 

microcosm with the same frequency and duration in the intensity tests.  In each graph of 
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Figure  1-4, the total area under the bars indicates the total disturbance energy, and the 

thickness of each bar is the duration of a disturbance.  The GPP and ER of each section 

of a microcosm were estimated under the alternating light regimes of 12 h light and 12 h 

darkness throughout the experiments.  The mean GPP (MGPP) and mean ER (MER) 

values of the disturbance or post-disturbance period among the four sections were 

compared and plotted to analyze the relationships between MGPP or MER and 

disturbance intensities.  In the analysis of data, MGPP and MER were calculated not only 

because they were proportional to the total amount of production and respiration but 

also because it was difficult to compare GPP or ER levels among different sections of a 

microcosm in the oscillating time series of GPP or ER.  Eleven microcosms were tested 

under the different experimental duration plans. 

In the “frequency test,” a distinct regime of disturbance frequency was applied to 

each section of a microcosm tank during the disturbance period under the alternating 

light regimes of 12 h light and 12 h darkness.  It was tested how discrete or continuous 

disturbances influence GPP or ER levels of microcosms after the disturbance events.  

The overall scheme of disturbance regimes was to make the frequency different but 

total energy the same among the four frequency regimes as shown in Figure  1-4.  A 

continuous disturbance with low intensity was applied to Sec 1.  Sec 2, 3, and 4 were 

applied with the same intensity but different frequencies and durations of disturbance to 

satisfy the same total energy among sections.  The intensity of Sec 1 was adjusted to 

satisfy the same total energy as the other sections.  The MGPP and MER values of the 

disturbance or post-disturbance period among the four sections in a microcosm were 
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analyzed in the same manner as the intensity tests.  Five microcosms were tested 

under the different experimental duration plans.   

The effects of disturbance on ecosystem processes under the different maturities 

of ecosystems (“maturity test”) were tested using the three paired microcosm sets to 

investigate whether ecosystems’ GPP and ER are less affected by disturbances as the 

systems age and how the responses of the systems to the disturbances are different 

under distinct maturities.  The underlying premise was that initial components in a 

microcosm develop their interactions from dispersed individuals to a coherent system 

over time.  The paired microcosms A and B were initially replicated by cross-seeding, 

and the same disturbance regimes as in the intensity tests were applied to microcosms 

A and B at different times since the initial setup, one in the early and the other in the 

later days under the alternating light regimes of 12 h light and 12 h darkness throughout 

the experiments.  The MGPP and MER patterns of the two tanks were compared to show 

how systems’ maturities influence the relationship between disturbance regimes and 

MGPP or MER.  In addition, resistance and resilience of GPP and ER of microcosms were 

analyzed to discuss the effect of maturity on ecosystem stability under disturbance. 

Pulsing patterns of GPP and ER were analyzed using microcosm data.  Analysis 

was conducted by selecting data where disturbance period was equal to or greater than 

10 days because it was impossible to estimate amplitudes or wavelengths of pulses in a 

shorter period.  Wavelength (λ) and peak amplitude (PA) of the disturbance and post-

disturbance periods were calculated from the transformed GPP time series to study how 

disturbance influences patterns of λ and PA over time. 
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Finally, conceptual models of the microcosms with water motion disturbances 

were built using the energy systems language, and then simulated using the computer 

programming language to suggest possible mechanisms of the relationships between 

MGPP and disturbance regimes resulting from the microcosms.  To investigate the 

energetic mechanisms of disturbance effects in the holistic view, biotic or abiotic 

components were aggregated into several functional compartments: producers, 

consumers, microbes, and nutrients.  Although the microbes were also part of the 

consumer group in an ecosystem, they were separated from the consumers to model 

their decomposing function.  The producers and consumers were regarded as the 

actively reproducing entities by autocatalytic feedbacks.  Because the purpose of the 

simulation model was to suggest possible hypotheses on the mechanisms of 

disturbance, a basic model was built based on the steady-state of the state variables 

over time.  In the steady-state, the influence of disturbance is easily recognizable by 

filtering the other factors generating trends or short-term oscillations.  Disturbance 

factors were further applied to the basic steady-state model under the following two 

hypotheses: 

 Disturbances change the efficiencies of energy flow pathways in an ecosystem.  
That is, disturbances alter the energy pathways related to the reproduction and 
death so that the new energy pathways altered by disturbances increase or 
decrease the reproduction and death rates with given resources.  Although 
disturbances always increase the death rates of both producers and consumers, 
they increase, decrease, or do not affect the reproduction rates of the producers 
and consumers depending on the traits of microcosm samples, such as species’ 
combinations, interactions, and life histories. 

 
 The changes of the efficiencies in energy flow pathways are dependent on the 

threshold of a disturbance power, which is determined by the vulnerability of a 
system to the disturbance.  The efficiencies of the energy pathways of producers 
and consumers change temporarily during the disturbance events below the 
threshold, whereas they change permanently above the threshold.    



 

47 

   

Figure  1-1. Diversity-disturbance relationship in the intermediate disturbance 
hypothesis.  (Connell, 1978) 
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Figure  1-2. Conceptual diagram of the pH-alkalinity method in a freshwater aquatic 
microcosm. 
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Figure  1-3. Model of destructive pulses.  A) Energy systems diagram.  B) Simulation 
Result.  (Odum and Odum, 2000, p.241)  
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Figure  1-4. Schematic plan of disturbance regimes.  A) Intensity test.  B) Frequency 

test. 
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2CHAPTER 2   
METHODS 

The microcosm experiments were conducted over a period of 16 months to 

discover patterns of ecosystem processes responding to the controlled water motion 

disturbance regimes.  Two aquatic microcosms were set up in Tanks A and B with water 

and sediment samples collected from a lake, and they were tested in a laboratory for 22 

to 46 days according to a designated experimental duration plan composed of initial 

stabilization, disturbance, and post-disturbance periods (Table  2-1).  This experimental 

practice was serially repeated eight times by collecting water and sediment samples 

from the five lakes in Florida at different times over the 16 months (Table  2-2).  As a 

result, a total of 16 microcosms were tested in the laboratory.  Each lake had the unique 

chemical or biological properties of water, such as nutrient concentrations, pH, 

alkalinity, turbidity (Secchi depth), and chlorophyll concentration as described in Table 

 2-3.  Each microcosm was used to test either the effects of disturbance intensities or the 

effects of disturbance frequencies.  For the microcosms S1, S2, and S6, a set of the two 

microcosms in Tanks A and B was used to test the disturbance effects under a distinct 

age (maturity) of a microcosm since the initial setup (Table  2-1).  Data from the 

microcosms were analyzed separately and finally synthesized to uncover the common 

patterns and variations of ecosystem processes under different disturbance regimes. 

Computer simulation models followed the microcosm experiments.  Once the data 

of microcosm tests were analyzed, simulation models were built to suggest possible 

mechanisms of the resultant patterns.  After a basic steady-state model for a microcosm 

was established, the hypothesized disturbance factors were applied to the basic steady-

state model to further develop the disturbance intensity and frequency models. 
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Microcosm Experiments 

System Design 

Two identical 60 cm × 60 cm × 38 cm (length × width × height) open-top glass 

microcosm tanks (A and B) were constructed.  Figure  2-1 depicts the structure of a 

microcosm tank and the use of the two microcosm tanks in the tests.  For the 

application of different disturbance regimes, the interior of each tank was divided into 

four equal sections (Sec 1, Sec 2, Sec 3, and Sec 4) by sealing acrylic panels on the 

bottom and sides of the tank with 100% silicone.  A 14 cm × 20 cm rectangular hole was 

made in the middle of each acrylic panel to facilitate cross-seeding between sections, 

and a rubber-rimmed plastic lid was prepared to tightly close the hole and block material 

transport between the sections before the disturbance period.  The exterior of each tank 

was enclosed by aluminum foil to maximize the capture of light energy in the tank.  A 

preliminary measurement of light revealed that the tank enclosed by aluminum foil 

exposes about 20% more available light to the bottom than the bare glass tank.   

Eight 20 W, 60 cm cool-white fluorescent bulbs were fixed 23 cm above the water 

surface of each microcosm.  A wire was set up across the top of each tank section to 

hold a pH electrode submersed in the water for long-term monitoring.  A pump 

generating a water motion was attached on one side in each section of a tank.  The 

attachment point of a pump was centered vertically and offset from the center 

horizontally about 7 cm to generate a horizontal circular motion.  A pH electrode 

(Oakton double-junction jell-filled pH electrode, pH 0–14), submersed 10 cm from the 

water surface in each section, was connected to a pH meter (Artisan PH2000 from APT 

Instruments, resolution 0.01 pH, accuracy ±0.02 pH), and the pH readings were 

transported to the computer and logged every minute by computer software. 
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Sampling 

Each water and sediment sample was collected from one of the five lakes within a 

30-minute driving distance from the microcosm laboratory at the University of Florida 

(Table  2-2).  Water was collected in 20 L plastic buckets or 20 L plastic bottles within 

5 m littoral zone from the shoreline of the sampling point in each lake.  Water and 

sediment samples for a set of microcosms (A and B) were collected from one location in 

a lake.  Sediments were collected from the top 10 cm layer to minimize the anaerobic 

metabolism of microcosms.  The collected sediments were filtered through a 2 mm 

mesh to maximize the homogeneity of sediments across the sections of a microcosm.   

Once the water and sediment samples were delivered to the laboratory, the water 

sample (120 L for each tank) was first carefully poured into the microcosm Tanks A and 

B, and then the same amount of sediment (1 L for each section of a tank) was carefully 

stabilized on the bottom of each section, while minimizing suspension of the sediment.  

Each tank was filled with microcosm sample water to a height of 33 cm from the bottom.   

Maintenance and Measurements 

Microcosms were set up in a dark room of the laboratory.  The fluorescent light 

was turned on and off by automatic digital timers with the alternating light regimes of 

12 h light and 12 h darkness (light 6:00–18:00, dark 18:00–next day 6:00).  Fluorescent 

bulbs were periodically replaced with new ones to maintain the photosynthetically active 

radiation (PAR: measured by the LI-190 quantum sensor and LI-1400 data logger from 

LI-COR) at 150–160 µmol·m-2·s-1 on top of each tank.  Because water in each section of 

a microcosm tank evaporated at a rate of approximately 1 L a week, the water level was 

maintained by refilling microcosm tanks with deionized water filtered through the 



 

54 

Barnstead NANOpure Infinity Water Purification System every week.  The room 

temperature was maintained at 24±1°C by a thermostat.   

The eight pH meters were generally calibrated every week at the three pH points 

(pH 4.01, 7.00, and 10.01 standard solutions from Hach), but were calibrated more 

frequently when pH electrodes were submersed in a productive water that possibly 

affects the sensitivity of the electrodes.  The eight pH electrodes were rinsed by 

deionized water in a squeeze bottle once a day to minimize the organic coating on the 

pH sensor glass.  Total alkalinity ([TA]) was measured once a week using the end point 

titration method at pH 4.5 (Palmer, 1992).  A digital titrator (1.25 µL/digit, Hach) and 

0.2 N H2SO4 titrant were used for the alkalinity measurements.  For a measurement of 

alkalinity, either 100 ml or 50 ml water sample was taken from each microcosm section 

according to the alkalinity level (100 ml for an alkalinity level lower than 50 mg/L CaCO3 

and 50 ml for an alkalinity level higher than 50 mg/L CaCO3).   

In each microcosm test, pH and alkalinity were monitored through the successive 

periods of initial stabilization, disturbance, and post-disturbance.  The rectangular holes 

on the acrylic panels were open during the initial stabilization period to maximize the 

homogeneous condition across the four sections in each tank.  The holes were blocked 

by the watertight rubber-rimmed lids before the disturbance period, and they remained 

in place until the end of the post-disturbance period.  During the initial stabilization 

period, microcosms were additionally cross-seeded several times by moving 

approximately 300 ml water between sections each time.  During the disturbance period, 

the pumps were connected to the automatic timers and operated in accordance with the 
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designated disturbance regimes.  After the disturbance period, microcosms were not 

altered or manipulated except to take measurements and to add make-up water. 

After the initial construction of the two glass microcosm tanks, they were filled with 

tap water to minimize the odor or chemicals from silicone.  The tap water was replaced 

several times for two weeks before the first microcosm tests.  Once each set of 

microcosms (A and B) was terminated at the end of the post-disturbance period, the 

microcosm tanks were emptied, cleaned with tap water, and dried for the setup of the 

next microcosms.  The sides and bottom of each tank were carefully cleaned with an 

aquarium scrub.  The pumps and plastic lids were also cleaned with tap water and a 

brush. 

Disturbance Regimes 

The pump (Aquarium Systems Mini-Jet 404) generated a horizontal circular water 

motion in the water column by ejecting the absorbed water from the surrounding water 

column.  The discharge rate of the pump was mechanically controllable at six levels.  

The power required by a pump can be calculated from the following equation (Simon, 

1986): 

HQP               (2-1) 

where γ is the unit weight of the fluid, Q is the discharge rate, and H is the total dynamic 

head.  When disturbance power is defined as the power of the discharged water directly 

influencing the water motion, it is proportional to the discharge rate regardless of the 

pressure exerted on the pump head.  The disturbance power, or intensity, was defined 

as a relative value by omitting the unit (ml/s) from a discharge rate of a pump.  Because 

the six discharge rates were slightly inconsistent between pumps with 1–2 ml/s 
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differences, they were measured before the experiments.  The average disturbance 

powers (intensities) of the six pumping levels were 8, 28, 40, 50, 56, and 62. 

For the intensity tests, the four disturbance intensities, 0, 28, 50, and 62, were 

applied to Sec 1, 2, 3, and 4 of a tank, respectively.  As an exception, the microcosms 

S2-A and S2-B were applied with intensities 0, 40, 62, and 113 by combining two 

pumps in each section to test a microcosm’s response to the higher disturbance 

intensities.  A pump was also installed in Sec 1 (intensity 0), but was not operated.  

Sec 1 was used as an undisturbed reference system in the intensity tests.  Pumps were 

operated either for an hour (11:00–12:00) a day for 10 consecutive days or two hours 

(11:00–13:00) a day for five consecutive days depending on the duration plans.  Table 

 2-4 shows the disturbance regimes applied to the microcosms. 

For the frequency tests, different frequency regimes were applied to the four 

sections of a tank for five consecutive days, while maintaining the same total 

disturbance energy among sections.  In Sec 1, a pump was continuously operated for 

105 hours with an intensity of 8 (regime 1).  Sec 2 was applied with an intensity of 56 for 

30 minutes every four hours (2:00–2:30, 6:00–6:30, 10:00–10:30, 14:00–14:30, 18:00–

18:30, and 22:00–22:30) (regime 2).  Sec 3 was also applied with an intensity of 56 for 

an hour every eight hours (2:00–3:00, 10:00–11:00, and 18:00–19:00) (regime 3).  The 

intensity of 56 was applied to Sec 4 for three hours a day (10:00–13:00) (regime 4).  

The total disturbance energy was calculated by multiplying intensity (power) and total 

duration (hour) of disturbances as a unitless relative value. 

The purpose of the maturity test was to investigate how the responses of GPP and 

ER of microcosms to disturbance regimes are different according to the distinct age of a 
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system.  The premise of the maturity test was that initial components in a microcosm 

self-organize and develop their interactions from dispersed individuals to a coherent 

system over time.  For the maturity tests, two replicated microcosms A and B were used 

as a pair in S1, S2, and S6.  The same disturbance regimes as the intensity tests, for an 

hour (11:00–12:00) a day for 10 consecutive days, were applied to both microcosms, 

but at the different periods since the initial setup: Day 6–15 for microcosm A, and 

Day 21–30 for microcosm B.   

Data Processing and Analysis 

Data Processing: From Raw Data to Gross Primary Productivity (GPP) and 
Ecosystem Respiration Rate (ER) 

Once pH and alkalinity data were obtained, they were arranged in a spreadsheet 

in five-minute intervals.  Total alkalinity levels ([TA]) between two measurement points 

were estimated by linear interpolation.  Under the assumption that alkalinity mainly 

results from carbonate and bicarbonate ions in the freshwater condition, the measured 

[TA] (mg/L CaCO3) was converted into carbonate alkalinity ([CA]) (meq) using the 

following Equations 2-2 and 2-3:  

]H[]OH[]CO[2]HCO[]TA[ 2
33

           (2-2) 

]CO[2]HCO[]CA[ 2
33
             (2-3) 

Because [CA] is defined as Equation 2-3, [CA] was calculated from the measured [TA] 

and pH using Equation 2-2.  The alkalinity unit of mg/L CaCO3 was converted into meq 

by dividing 50. 

The thermodynamic relationship among pH, alkalinity, and total CO2 (Skirrow, 

1965) was used to estimate the total CO2 concentration ([TCO2]) in the water column as 

the following equation: 
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where [CA] is carbonate alkalinity, aH is hydrogen ion activity, K'L1 is Lyman’s first 

apparent dissociation constant, and K'2 is second apparent dissociation constant.  In 

Equation 2-4, aH is typically substituted by 10-pH assuming the proximity to the ideal 

behavior of hydrogen ions in the water column.  The theoretical pH-[TCO2] relationship 

at 25°C and zero salinity is represented in Figure  2-2.  [TCO2] is the sum of the three 

carbon compounds as the following equation: 

]CO[]CO[]HCO[]TCO[ 2
2
332             (2-5) 

In the water column, [TCO2] changes are driven mainly by metabolic processes of 

photosynthesis and respiration (PCO2), CaCO3 precipitation or dissolution (CCO2), and 

CO2 gas exchange across the air-water interface (GCO2) (Smith, 1973).  Thus, ∆[PCO2] 

can be calculated by correcting ∆[CCO2] and ∆[GCO2] from ∆[TCO2] by the following 

equation: 

]GCO[]CCO[]PCO[]TCO[ 2222          (2-6) 

∆[CCO2] is dictated by one of the following Equations 2-7, 2-8, 2-9, and 2-10 related to 

carbonate or bicarbonate ions (Smith and Key, 1975): 

  2
3

2
3 COCa)s(CaCO            (2-7) 

23223 )HCO(CaOHCO)s(CaCO           (2-8) 

)s(CaCOCOCa 3
2
3

2              (2-9) 

  H)s(CaCOHCOCa 33
2         (2-10) 
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In any reaction of Equations 2-7, 2-8, 2-9, and 2-10, water column gains or loses 

[CCO2] by half of increased or decreased total alkalinity.  Thus, ∆[CCO2] was calculated 

by the following equation: 

]TA[
2

1
]CCO[ 2            (2-11) 

The four time series of water column [PCO2] of the four sections of each microcosm 

were obtained by correcting [CCO2] from [TCO2] using Equation 2-6.  But [GCO2] was 

not corrected because of the uncertainty of the CO2 gas transfer velocity.  Instead, the 

influence of [GCO2] on the sensitivity of the resultant patterns according to various gas 

transfer velocities was analyzed separately. 

GPP was defined as a rate of ecosystem-level photosynthetic gain of CO2-C, and 

ER was defined as a rate of ecosystem (plant, animal, and microbial) respiratory loss of 

CO2-C (Chapin et al., 2006).  The [PCO2] generally showed diel fluctuations: increasing 

during a dark period and decreasing during a light period as depicted in Figure  2-3.  

Thus, positive slopes indicate the nighttime respiration rates (ERn), while negative 

slopes show the difference between daytime respiration rate and gross primary 

productivity (ERd-GPP).  The slopes of [PCO2] were calculated by dividing the difference 

between adjacent maximum and minimum peak values by time duration of each 

photoperiod (12 h).  The peaks occurred around 6 am or 6 pm but not exactly at those 

times, so that the maximum and minimum [PCO2] values were selected within ±1 h 

range of 6 am and 6 pm, respectively.  Because the nighttime and daytime ER values 

may not be identical with each other in any two adjacent [PCO2] slopes, the daytime ER 

on Day i+1 (ERi+1,d) was estimated by taking an average of the two nighttime ER values 

on Day i and Day i+1 (ERi,n and ERi+1,n) as the following Equations 2-12 and 2-13: 
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       (2-14) 

The daily GPP for each section of a microcosm was calculated using Equation 2-14.  

The GPP and ER were expressed as the unit of mM-CO2/day.  Although a calculated 

GPP has a unit of mM-CO2 per 12 hours, it was expressed as mM-CO2/day because the 

nighttime GPP was assumed to be zero.  The time series of GPP, ER, and GPP/ER 

were plotted by calculating GPP and ER for each day.  

Ranges of pH and Alkalinity 

The pH and alkalinity pairs in 50-minute intervals from the eight microcosm sets 

were plotted with pH in x-axis and [CA] in y-axis to show the range of pH and alkalinity 

in each microcosm.  An equilibrium line of pH and alkalinity satisfying the dynamic 

equilibrium of CO2 gas exchange across the air-water interface was also plotted on the 

pH-alkalinity graph.  Considering that CO2 is a slightly soluble gas in water where the 

transfer rate is determined, CO2 gas diffusive flux, F, across the air-water interface is 

represented by the following equation (MacIntyre et al., 1995): 

)CC(kF wa               (2-15) 

where k is gas transfer velocity (cm/h), α is solubility coefficient (mol·L-1·atm-1), Ca is gas 

concentration in the air (ppm), and Cw is gas concentration in the water (mmol/L).  The 

solubility coefficient α is dependent on temperature and salinity (Weiss, 1974).  The Ca 
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in the microcosm room was approximately 440 ppm.  The Cw of CO2 gas was calculated 

using the following thermodynamic equation (Skirrow, 1965): 
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When gas exchange across the air-water interface is predicted using Equation 2-15, 

dynamic equilibrium of CO2 gas exchange between the air and water is established if 

CO2 gas diffusive flux, F, equals zero.  In the equilibrium condition under the constant 

Ca, pH-alkalinity relationship was established using the following equation: 
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The pH-alkalinity data pairs of the eight microcosm sets and the equilibrium line showed 

the direction of CO2 gas diffusion for each microcosm. 

Analysis of Disturbance Intensity and Frequency Effects 

The mean GPP (MGPP) and mean ER (MER) during the disturbance and post-

disturbance periods were calculated from the GPP time series of each section of each 

microcosm, and the subsequent relationship between MGPP and disturbance regime was 

plotted.  This procedure is exemplified in Figure  2-4.  The relationship between MGPP 

and disturbance regime could change according to the time range where the MGPP 

values were calculated.  The MGPP during a time range from t1 to t2 was calculated using 

the following equation:     

n

)i(GPP

M

n

ti
]tt[GPP
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21




                     (2-18) 
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where n is the number of days during a time range of t1–t2, and GPP(i) is a GPP value 

at time i.  Likewise, MER could be defined during a time range t1–t2, if necessary.  The 

time series of MGPP[t1–t2] under the fixed t1 were plotted to determine whether the 

relationship between MGPP and disturbance regime was maintained throughout the 

disturbance and post-disturbance periods.  In the time series graphs of MGPP[t1–t2] 

(Appendix A), t1 was set as the beginning of either the disturbance or post-disturbance 

period.  If the time series of MGPP[t1–t2] between two sections do not intersect, then one 

section maintains constantly higher MGPP or MER than the other during the designated 

period.  Based on the MGPP[t1–t2] time series plots (Appendix A), all possible relationships 

between MGPP and disturbance regime were plotted according to the range of time [t1–t2] 

in which MGPP values were calculated.  

Analysis of GPP and ER Pulsing Pattern 

The pulsing patterns of GPP and ER were analyzed by detrending the GPP and 

ER time series of each microcosm.  The modifying procedure is illustrated in Figure  2-5.  

Because a GPP time series generally included a trend during the disturbance and post-

disturbance periods, a GPP at each time (GPPt) was first transformed by subtracting the 

value on the trend line (regression line) at that time (GPPt
L).  Then, the difference 

between the GPPt and GPPt
L was divided by GPPt

L to eliminate the effect of GPP level 

on the pulsing amplitude under the assumption that the amplitude of short-term 

oscillation becomes higher as the level of a trend line increases.  That is, GPP values in 

each time series of a section were transformed into GPPP using the following equation: 

1
GPP

GPP
GPP

L
t

tP
t                      (2-19) 
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where GPPt
P is a transformed GPP point at time t for the GPP pulsing analysis.  The 

same method was applied to ERt
P. 

The pulsing patterns of GPPP and ERP were analyzed in terms of wavelength (λ) 

and peak amplitude (PA), which are illustrated in Figure  2-6.  The λ was defined as a 

time difference between adjacent two maxima or two minima in the pulsing pattern.  The 

λd (disturbance period λ) and λp (post-disturbance λ) were calculated by averaging all λ 

values identified in the disturbance and post-disturbance period, respectively.  The PA 

was defined as a difference between adjacent maximum and minimum peak values.  

The PAd (disturbance period PA) and PAp (post-disturbance PA) were obtained by 

subtracting the average of all minimum peak values from the average of all maximum 

peak values within the disturbance and post-disturbance period, respectively.    

Analysis of Resistance and Resilience 

Resistance and resilience of each disturbed microcosm section were calculated in 

terms of GPP and ER using the microcosm data obtained from the intensity tests.  

Microcosm data obtained from the frequency tests were not analyzed because there 

was no reference section where no disturbance was applied.  Although several 

researchers used different indices for quantifying resistance and resilience (for 

comparison, see Orwin and Wardle, 2004), new indices were defined to calculate 

resistance and resilience of the GPP or ER time series of microcosms in this study. 

Resistance was used as an indicator of how much GPP or ER of a disturbed 

section (Sec 2, 3, or 4) deviates less from that of the reference system, Sec 1, during 

the disturbance period in each microcosm.  Resistance (RS) of Sec 2, 3, or 4 was 

calculated using the following equation for GPP: 
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                                         (2-20) 

where GPPi(Sec x) is GPP at time i in Sec x (x=2, 3, or 4), and m is the number of days in 

the disturbance period.  The maximum RS(Sec x) is 1 when GPP(Sec x) does not deviate 

from GPP(Sec 1), and RS(Sec x) decreases as the GPP(Sec x) deviates from GPP(Sec 1).  

RS(Sec x) for ER was calculated using the same method. 

Resilience was used as an indicator of how much GPP or ER, once deviated from 

that of reference section during the disturbance period, returns close to the reference 

section during the post-disturbance period.  Resilience (RL) of Sec 2, 3, or 4 was 

calculated using the following equation for GPP: 
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                                      (2-21) 

where GPPj(Sec x) is GPP at time j in Sec x (x=2, 3, or 4), and n is the number of days 

during the post-disturbance period.  The maximum RL(Sec x) is 1 when post-disturbance 

GPP(Sec x) returns to the reference GPP(Sec 1), and RL(Sec x) decreases as the GPP(Sec x) 

deviates from GPP(Sec 1) during the post-disturbance period.  RL(Sec x) for ER was 

calculated using the same method. 

Analysis of Uncertainty in the Resultant Patterns 

The uncertainty of the MGPP-disturbance relationships resulting from [GCO2] 

correction was analyzed by comparing MGPP-disturbance relationships at different k 

values.  The CO2 gas transfer velocity, k (cm/h), was estimated from previous studies at 

low wind speed conditions.  At low wind speed (U10) less than 3 m/s, k generally ranged 
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0 to 4 cm/h (Borges et al., 2004; Cole and Caraco, 1998; Crusius and Wanninkhof, 

2003; MacIntyre et al., 1995).  The sensitivity of MGPP-disturbance relationships for the 

full post-disturbance period was tested with the k (cm/h) values at 0, 1, 2, and 4 for all 

microcosms.  When k equals zero, ∆[GCO2] was also zero.  Additionally, to examine the 

cause of the changes in the MGPP-disturbance relationships under the [GCO2] 

corrections, the sensitivity of [PCO2] and GPP time series of Sec 1 under the different k 

values was tested by selecting two representative microcosms: one having the most 

significant change in the MGPP-disturbance relationship by k, and the other showing the 

least change. 

The uncertainty of the MGPP-disturbance relationships resulting from potential 

instrumental errors was also analyzed.  To determine potential errors occurring from pH 

measurements, the relationships between pH and the theoretical [TCO2] change by 

0.01 pH error (-∆[TCO2]/(∆0.01 pH)) were plotted under several different alkalinity 

levels.  From these relationships between pH and -∆[TCO2]/(∆0.01 pH), the possible 

maximum and minimum -∆[TCO2]/(∆0.01 pH) values were determined within the pH and 

alkalinity range in each microcosm.  The maximum and minimum MGPP differences 

between sections in each microcosm were calculated to evaluate how much MGPP-

disturbance relationships are reliable under the potential instrumental errors across the 

microcosms.    

Simulation Models 

Models of microcosms and disturbances were built using the energy systems 

language, and simulated using the programming package, R (available at the R Project 

for Statistical Computing, www.r-project.org).  The steady-state of state variables was 

assumed in the calibration of the basic model of a microcosm without disturbance, and 
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this basic model was modified by addition of disturbance factors to test the effects of 

intensity and frequency of disturbance.  The models were simulated in five-minute 

intervals for 50 days.    

Model of a Microcosm 

The basic steady-state model of a microcosm was represented with aggregated 

components and their interactions.  The model was composed of producers, 

consumers, decomposers, and available nutrient and light energy source as shown in 

Figure  2-7.  The light energy was represented as a step function with the alternating 

12 h light and 12 h darkness.  Producers (Pro) and consumers (Con) were assumed to 

reproduce by first-order autocatalytic processes (J3 and J5), and their death rates (J6 

and J7) were proportional to their total biomass, Pro and Con (mg-C).  It was assumed 

that the microcosm was phosphorus-limited.  The nutrient (phosphorus) was recycled by 

microbial decomposition of dead organic matters (ProD and ConD) and stored in the 

water column (Nut) for further primary production.  In the model, the total amount of the 

nutrient (TN) was conserved, and part of it was stored either in the organic matters (Pro, 

Con, ProD, ConD) or water column (Nut).  The reproduction flow of producers, J2, 

indicates the GPP of the microcosm model.  The storages, flows, and some parameters, 

such as P/C (phosphorus/carbon) for producers (fP) and P/C for consumers (fC), were 

estimated from the microcosm results, literature, or by guess.  The coefficient involved 

in each flow was obtained by back-calculating in the equations using the numbers from 

storages and flows (Odum and Odum, 2000).   

Simulation of Disturbance 

Once the basic microcosm model was built and the steady-state of the state 

variables was identified in the computer simulation, disturbance factors were embedded 
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in the model.  Following the two hypotheses provided in the Research Plan, all possible 

changes of coefficients (ki) of the reproduction or death flows of producers and 

consumers were simulated.  The changes of the coefficients were calculated by the 

following equation: 

id
'
i k)fp1(k                (2-22) 

where k'i is a new coefficient after disturbance, p is the power (intensity) of the 

disturbance, fd is the disturbance factor determined by the vulnerability of a system to a 

disturbance and the threshold of p, and ki is the coefficient involved in Ji.  Equation 2-22 

implies that the effect of disturbance is represented as a percent increase or decrease 

of each coefficient.  If ±p·fd is positive under a disturbance, the disturbance increases 

the coefficient, ki, by (p·fd×100)%.  As hypothesized in the Research Plan, the signs of 

±p·fd for k6 and k7, coefficients for death rates of producers (J6) and consumers (J7), 

were set as positive.  But the coefficients related to the reproduction rates of producers 

and consumers, k2-k3 and k4-k5, could have nine combinations of the ±p·fd signs made 

of positive (+), negative (-), or no effect (0).     

Figure  2-8 illustrates how the fd changes under the different disturbance powers 

(intensities) above or below a threshold over time.  The fd was assumed to be constant 

only during the disturbance events when the disturbance power was less than a 

threshold.  The fd was assumed to increase during the disturbance events, and the 

increased fd values remained in the rest of the experimental period unless another 

disturbance event occurred when the disturbance power was equal to or greater than 

the threshold.  Thus, a unit value of the disturbance factor for five minutes (fd-5) was 

assigned in each simulation.  The fd-5 was the same as fd when the disturbance power 
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was less than a threshold.  But fd was calculated by adding fd-5 every five minutes when 

the disturbance power (p) was equal to or greater than the threshold.  Two distinct fd-5 

values, one for a p level above the threshold and one for a p level below the threshold, 

were applied to the reproduction and death rates in each simulation. 

In the intensity tests, five power levels (intensities) of 0, 1, 2, 3, and 4 were 

simulated with two different fd-5 values for the p levels above and below the assigned 

power threshold.  The disturbances were applied for an hour (11:00–12:00) during 10 

consecutive days as in the microcosm tests.  In the frequency tests, the same 

disturbance frequency and duration regimes as in the microcosm tests were applied 

with the power level 1 for regime 1, and the power level 7 for regimes 2, 3, and 4.  For 

comparison, the reference (power level 0) was also simulated.  The disturbance period 

was during Day 20–29 in the simulation of intensity tests and Day 20–24 in the 

simulation of frequency tests.  The post-disturbance period was 15 days after the 

disturbance period. 

Validation of Models 

The sign combinations of the ±p·fd for k2-k3 and k4-k5, and the values of fd-5 and 

power threshold were manipulated in the simulations to generate possible 

MGPP-disturbance relationships.  The results of simulations were compared with the 

resultant MGPP-disturbance relationships of the 16 microcosms.  Possible mechanisms 

of resultant relationships based upon the hypotheses of the simulation models were 

suggested using the parameters, such as ±p·fd signs, fd-5 values, and power threshold. 
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Table  2-1. Experimental duration plans and test types of microcosms. 

Microcosm Tank 
Experimental duration plan 
(days) (initial stabilization-

disturbance-post disturbance) 
Test type 

S1 
A 
B 

5-10-15 
20-10-15 

Intensity 
Intensity 

maturity 

S2 
A 
B 

5-10-15 
20-10-15 

Intensity 
Intensity 

maturity 

S3 
A 
B 

1-5-15 
1-5-15 

Intensity 
Frequency 

 

S4 
A 
B 

1-5-15 
1-5-15 

Intensity 
Frequency 

 

S5 
A 
B 

5-10-15 
5-5-15 

Intensity 
Frequency 

 

S6 
A 
B 

5-10-15 
20-10-15 

Intensity 
Intensity 

maturity 

S7 
A 
B 

5-5-15 
5-5-15 

Intensity 
Frequency 

 

S8 
A 
B 

5-5-15 
5-5-15 

Intensity 
Frequency 

 

 

Table  2-2. Sampling site information. 

Sample 
Site 

(Lake) Location 
Sampling 

date 
Temperature 

(°C) (Air) Microcosm 

1 Newnan 
+29°38'11", 
-82°14'25" 

April 30, 2009 28 S1 

2 Alice 
+29°38'36", 
-82°21'45" 

August 17, 2009 28 S2 

3 Santa Fe 
+29°42'49", 
-82°03'48" 

October 5, 2009 27 S3 

4 Wauberg 
+29°32'06", 
-82°18'13" 

February 20, 2010 22 S4 

5 Orange 
+29°28'16", 
-82°11'59" 

March 16, 2010 15 S5 

6 Alice 
+29°38'36", 
-82°21'45" 

April 17, 2010 24 S6 

7 Alice 
+29°38'36", 
-82°21'45" 

June 20, 2010 29 S7 

8 Newnan 
+29°38'11", 
-82°14'25" 

July 17, 2010 28 S8 
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Table  2-3. Chemical and biological properties of the sample lakes.  (Florida 
LAKEWATCH, 2005) 

Lake 
Properties 

Alice Newnan Orange Santa Fe Wauberg 
Total phosphorus 
concentration (μg/L) 

454 121 68 11 120 

Total nitrogen 
concentration (μg/L) 

627 3362 1698 449 1805 

pH 7.5 6.9 7.1 5.9 7.6 
Alkalinity (mg/L CaCO3) 85.0 12.4 19.4 1.8 19.7 
Secchi depth (m) 1.5 0.3 0.8 2.3 0.6 
Chlorophyll 
concentration (μg/L) 

13 208 51 7 92 

 

Table  2-4. Disturbance regimes applied to microcosms. 
Tank 

section 
Intensity Frequency Duration 

Total 
energy 

For intensity tests 
1 0 N/A N/A 0 

2 28 1 day 
1 hour (10-day disturbance) 
2 hours (5-day disturbance) 

280 

3 50 1 day 
1 hour (10-day disturbance) 
2 hours (5-day disturbance) 

500 

4 62 1 day 
1 hour (10-day disturbance) 
2 hours (5-day disturbance) 

620 

For frequency tests 
1 8 continuous 105 hours 840 
2 56 4 hours 30 minutes (5-day disturbance) 840 
3 56 8 hours 1 hour (5-day disturbance) 840 
4 56 24 hours 3 hours (5-day disturbance) 840 

S2-A and S2-B were applied with intensities 0, 40, 62, and 113, so the total energy was 0, 400, 
620, and 1130.  
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60cm

60cm

38cmwater 
level
33cm

18cm

Enclosed by 
aluminum foil

to pH meter &
datalogging by 
computer software

pump

S1-A S1-B S2-A S2-B S3-A S3-B S4-A S4-B

S5-A S5-B S6-A S6-B S7-A S7-B S8-A S8-B

April 30, 2009
– June 15, 2009

August 17, 2009
– October 1, 2009

October 5, 2009
– October 27, 2009

February 20, 2010
– March 14, 2010

March 16, 2010
– April 16, 2010

April 17, 2010
– June 2, 2010

June 20, 2010
– July 16, 2010

July 17, 2010
– August 12, 2010

6mm glass

6mm acrylic panel

*A pump and a pH electrode 
were installed in each section

20W, 60cm cool-white 
fluorescent bulb

20cm

14cm

 
Figure  2-1. Microcosm tank design and plan for each microcosm pair. 
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Figure  2-2. Theoretical relationship between pH and [TCO2] (25°C, zero salinity). 

 
 

 
Figure  2-3. [PCO2] diel pattern and calculation of GPP and ER. 
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Figure  2-4. Representation of MGPP-disturbance relationship from GPP time series.  

Intensity  (0)         (28)         (50)         (62)

Disturbance                           Post-disturbance   

average  

Time range 



 

74 

 

Disturbance Post-disturbance

Time (Day)

Regression line (GPPL)

Transformation to residual plot
= (GPPt – GPPL

t)

To GPP pulsing (GPPP)
= (GPPt – GPPL

t)/(GPPL
t)

0

0

0

 

Figure  2-5. Procedure to transform GPP to GPPP. 
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Figure  2-6. Wavelength (λ) and peak amplitude (PA) of GPPP. 
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Figure  2-7. Energy systems diagram and equations of the basic microcosm model. 
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d(Pro) = J2 – J3 – J4 – J6 
d(Con) = J4 – J5 – J7 
d(ProD) = J6 – J8 
d(ConD) = J7 – J9 
TN = Nut + fP(Pro + ProD) + fC(Con + ConD) 
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Figure  2-8. Change of fd over the experimental periods according to power (p). 
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3CHAPTER 3   
RESULTS 

Structures and Processes of Microcosms 

Microcosm Features 

During the initial microcosm setup, part of the sediment was mixed with water and 

suspended in the water column for several days.  It took three to five days for the 

sediments suspended in the water column to stabilize since the initial microcosm setup.  

Once the sediments stabilized on the bottom of each tank, the bottom was clearly 

visible from the top of each tank.  The bottom of the microcosms, S1 and S8, which 

were set up using water samples from Lake Newnan, however, was not visible after the 

sediments stabilized because the initial algal density was high.   

The highest-trophic-level species observed in the microcosms were snails or 

freshwater shrimps with body lengths of less than 1 cm at the end of the experiments.  

The number of individuals of the highest-trophic-level species in each section was 

generally three to five, but more than 20 freshwater shrimps were observed in each 

section of S2.  Exceptionally, a fish with a body length of less than 2 cm was seen in 

Sec 4 of S4-A at the end of the experiment.  Two or three duckweed individuals were 

observed on the surface of the water in each section of S3 and S4, but they did not 

outgrow and reproduce more than five individuals.  Algae generally grew on the bottom, 

wall, water column, and water surface of the microcosms.  The microcosms, initially 

constructed with water and sediment samples, generally culminated in the combination 

of algal clusters (green, yellow, or black) and heterotrophic species at the end of the 

experiments.   
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Ranges of pH and Alkalinity 

Figure  3-1 shows the distribution of the pairs of pH and alkalinity data collected 

with 50-minute intervals during the experimental periods for the eight microcosm sets 

(S1–S8).  The pH and alkalinity of the eight microcosm sets were widely distributed in 

the ranges of pH from 5.1 to 10.0 and alkalinity from 0.06 to 1.84 meq.  The ranges of 

pH and alkalinity of the microcosms were distinct according to the water samples and 

disturbance regimes. 

During the experimental periods, alkalinity was not constant in all microcosms.  

The alkalinity in S1 and S2 asymptotically increased while it linearly increased in S8.  

The alkalinity change in S1-B was most significant among microcosms with the range of 

0.46–1.60 meq for 45 days.  In S4, S5, and S7, alkalinity linearly decreased.  The 

alkalinity of S3 was constant with a range of fluctuations (0.072±0.004 meq).  The 

alkalinity of S6 fluctuated, and the fluctuating patterns over time were different among 

the microcosm sections that were under distinct disturbance regimes.   

The range of pH also differed among microcosms (Table  3-1).  S3, sampled from 

Lake Santa Fe, had the pH range of 5.3–5.8 in S3-A and 5.1–5.7 in S3-B.  The pH 

temporarily increased in diel fluctuations up to the range of 9–10 in S1, S6, S7, and S8 

that were sampled either from Lake Alice or Lake Newnan.  Each section of each 

microcosm had a distinct pH trajectory over time under a distinct disturbance regime.  

For example, Sec 2, 3, and 4 of S8-A had diel pH fluctuations of up to 1.0, 1.5, and 1.6 

difference between the daily maximum and minimum pH values, respectively, after 

Day 6, which was the first day that the microcosm was disturbed by water motions, 

whereas Sec 1 had the maximum daily pH difference of 0.6 as shown in Figure  3-2.  
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GPP and ER of Microcosms 

The time series of GPP and GPP/ER of the 16 microcosms are presented in 

Appendix A.  The gross primary productivity (GPP) and ecosystem respiration rate (ER) 

oscillated during the experimental periods with the range of average wavelengths of 

2.8–9.0 days in the microcosm sections.  The various amplitudes of diel fluctuations of 

[PCO2] generated distinct GPP values in each microcosm.  The extreme GPP values of 

minimum 0.01 and maximum 0.92 mM-CO2/day were observed in S6-B for 45 days as 

shown in Table  3-1.  The GPP ranges were different even among the microcosms 

sampled at the same location if the sampling times were different.  For instance, S2-B 

and S6-B, sampled from the same location in Lake Alice at different times, had the 

maximum GPP values of 0.07 and 0.29 mM-CO2/day in the undisturbed Sec 1 for 45 

days (Figures A-4 and A-12). 

The correlation between GPP and ER was quantified by calculating Pearson’s 

correlation coefficient (r) between GPP and ER for each section of each microcosm 

during the disturbance and post-disturbance periods as shown in Table  3-2.  The r 

values of the post-disturbance period in microcosm sections ranged from 0.60 to 1.00 

except those in Sec 3 (r=0.22) and Sec 4 (r=0.46) of S3-A.  The r values of the 

disturbance period were not consistently high across the sections of the microcosms, 

especially in S1-A, S2-A, S2-B, S3-B, S7-B, and S8-B, although S1-B, S4-A, S5-A, 

S6-B, S7-A, and S8-A showed strong correlations between GPP and ER with the range 

of r from 0.84 to 1.00.  In S1, S2, and S6, where the same disturbance regimes were 

applied to the two replicated microcosms A and B during Day 6–15 and Day 21–30, 

respectively, the correlation between GPP and ER of microcosm B was higher than that 

of microcosm A in each microcosm section during the disturbance period. 
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The ecosystem-level ratio of GPP and ER (GPP/ER) has been used as an 

indicator of the autotrophic or heterotrophic character of an ecosystem (Odum, 1969).  

In the microcosm tests, the GPP/ER tended to converge to 1 over time regardless of the 

autotrophic or heterotrophic status of systems during the disturbance period as shown 

in Table  3-3.  That is, the GPP/ER of the autotrophic systems (A) during the disturbance 

period decreased during the post-disturbance period, while that of the heterotrophic 

systems (H) increased.  As an exception, the GPP/ER values of S2-A deviated from 1 

over time.  Because the GPP/ER values of S8-A and S8-B were close to 1 (0.95 to 

1.00) during the disturbance period as well as the initial stabilization period, no 

significant convergence of GPP/ER to 1 was observed in each section during the post-

disturbance period.  The average deviations of GPP/ER of the three disturbed Sec 2, 3, 

and 4 from the reference Sec 1 were calculated for the microcosms that were used for 

the intensity tests to study the effect of disturbance on the GPP/ER.  But no remarkable 

increase or decrease of average GPP/ER deviation was observed during either the 

disturbance or post-disturbance period in each microcosm. 

Effect of Disturbance Intensity 

GPP and Disturbance Intensity 

In the intensity tests, the four distinct experimental duration plans were applied to 

the 11 microcosms: 1-5-15 (S3-A and S4-A), 5-5-15 (S7-A and S8-A), 5-10-15 (S1-A, 

S2-A, S5-A, and S6-A), and 20-10-15 (S1-B, S2-B, and S6-B).  As a result, the 11 

microcosms showed five distinct relationships between mean GPP (MGPP) and 

disturbance intensities: positive monotonic, negative monotonic, U-shaped, peaked, and 

non-significant.  The relationship between MGPP and disturbance intensities during the 

disturbance and post-disturbance periods are represented in Figure  3-3 and Table  3-4.  
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Because the rank of MGPP among microcosm sections changed over the experimental 

period depending on the time frame where GPP values were averaged, two to four 

MGPP-intensity relationships in different time ranges were selectively plotted considering 

the change of relationships: an MGPP-intensity relationship for the whole disturbance 

period and one to three MGPP-intensity relationships for part of the post-disturbance 

period.  The time series of MGPP of the 16 microcosms under the changing time frames 

from the beginning of each disturbance and post-disturbance period are presented in 

Appendix A. 

The differences of the GPP levels among the four sections of a microcosm in the 

GPP time series were not always discernible because the rank of GPP values among 

the sections changed over time under the fluctuating GPP time series.  For example, in 

the GPP time series of S1-A (Figure A-1), no section of the microcosm consistently 

shows higher GPP values than the others during the post-disturbance period.  In some 

microcosms, however, the GPP time series clearly showed the differences of the GPP 

levels among sections over time.  For example, the GPP values of Sec 2, 3, and 4 were 

always higher than those of Sec 1 in S8-A (Figure A-15).  In S8-A, the maximum MGPP 

difference was 0.132 mM-CO2/day between Sec 3 and 1, and the minimum difference 

was 0.054 mM-CO2/day between Sec 3 and 4 during the 15-day post-disturbance 

period.   

Among the 11 microcosms, only S5-A maintained the single MGPP-intensity 

relationship (U-shaped) throughout the experimental period.  The MGPP-intensity 

relationships changed in the other microcosms depending on the time frame where the 

MGPP values were calculated.  Although each microcosm showed distinct MGPP-intensity 
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relationship, not all microcosms represented clear relationships.  For example, in S1-A, 

the MGPP[16-30] difference between the intensities 62 and 50 was 0.0222 mM-CO2/day, 

while it was as low as 0.0001 mM-CO2/day between intensities 28 and 0 (Figure  3-3).  

S2-A and S2-B were disturbed by water motion intensities of 0, 40, 62, and 113, which 

were different from those of the other microcosms.  The MGPP-intensity relationship was 

non-significant in both S2-A and S2-B, although the relationships were U-shaped and 

peaked in the intensity range of 0–62 in S2-A and S2-B, respectively.  The GPP values 

at Day 45 were missing in S2-B.   

In S3-A and S4-A, the GPP values on Day 1 among sections did not agree with 

one another, with the average GPP difference between two sections of 0.052 and 

0.025 mM-CO2/day, respectively (Figures A-5 and A-7).  In S3-A, the GPP of Sec 1 was 

-0.034 mM-CO2/day on Day 1, while the ER values of the four sections on Day 1 were 

all negative.  The negative values of GPP and ER in S3-A resulted from the incomplete 

diel patterns of [PCO2] on Day 1. 

S6-A and S6-B showed significant MGPP differences between the disturbed and 

undisturbed sections (Figures A-11 and A-12).  In S6-A, the undisturbed Sec 1 had a 

GPP of 0.23 mM-CO2/day on Day 30, compared with the GPP values of 0.08, 0.05, 

0.03 mM-CO2/day of the disturbed Sec 2, 3, and 4.  In S6-B, Sec 2, 3, and 4 had high 

GPP values of 0.92, 0.92, and 0.81 mM-CO2/day, while the undisturbed Sec 1 had the 

GPP of 0.15 mM-CO2/day on Day 45.  In the microcosms S6-A and S6-B, the disturbed 

sections showed remarkable differences in turbidity from the undisturbed reference 

sections, and the difference was more significant in S6-A than in S6-B as shown in 

Figure  3-4. 
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Pulsing Patterns of GPP and ER under Disturbance 

The four GPP time series and the four ER time series of each microcosm were 

transformed into the time series of GPP pulsing (GPPP) and ER pulsing (ERP) using the 

method described in Figure  2-5.  Because the five-day disturbance period was too short 

to estimate the wavelength (λ) or peak amplitude (PA), the microcosms having either 

the 5-10-15 or 20-10-15 duration plan (S1-A, S2-A, S5-A, S6-A, S1-B, S2-B, and S6-B) 

were analyzed to study how water motion disturbance influences the λ and PA of the 

GPPP and ERP time series.  The exponential regression model by least squares fit was 

used for the transformation of the GPP (r2=0.82) and ER (r2=0.77) time series for Sec 1 

of S6-A during the post-disturbance period considering the exponential increase of GPP 

and ER (Figure A-11).  The other time series of GPP and ER were transformed using 

the linear regression model by least squares fit. 

The λ values of the GPPP or ERP time series ranged from 2.8 to 9.0 days during 

the disturbance period and from 2.3 to 7.0 days during the post-disturbance period 

across the investigated microcosms.  The PA values of the GPPP or ERP time series 

ranged from 0.09 to 0.67 during the disturbance period and from 0.15 to 0.63 during the 

post-disturbance period.  The λ values were not correlated with disturbance intensities 

in a microcosm.  For example, the GPPP time series of the four sections in S6-A, which 

were applied with different disturbance intensities, had the same λd (λ of the disturbance 

period) of 4.0 days, while those in S5-A had the λd values of 6.0, 3.3, 2.8, and 3.0 days 

at intensities of 0, 28, 50, and 63, respectively.  Neither λ (disturbance or post-

disturbance) nor λp/λd (ratio of λ values between the post-disturbance and disturbance 

periods) showed a consistent correlation with disturbance intensities in the seven 
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microcosms.  Likewise, neither PA (disturbance or post-disturbance) nor PAp/PAd was 

correlated with disturbance intensities in the microcosms.   

Table  3-5 shows the λp/λd and PAp/PAd of the GPPP and ERP time series in each 

section of the seven microcosms.  The λp/λd and PAp/PAd values of both GPPP and ERP 

time series were higher in the disturbed Sec 2, 3, and 4 than in the undisturbed Sec 1 

for microcosms S1-A, S2-A, S5-A, and S6-A, except for the four underlined cases.  The 

λp/λd values of the ERP time series in Sec 2 and 4 of S2-A were slightly lower than in 

Sec 1 by 0.04 and 0.01.  In S1-A, S2-A, S5-A, and S6-A, λp/λd and PAp/PAd of Sec 1 

were less than 1, which indicated that the λ and PA of GPPP and ERP time series 

decreased over time in an undisturbed environment.  But λp/λd and PAp/PAd under 

disturbance were as high as 1.82 for GPPP in Sec 2 of S5-A and 2.31 for ERP in Sec 2 

of S6-A, respectively. 

In S1-B, S2-B, and S6-B, which were tested under the 20-10-15 duration plan, no 

common pattern of disturbance effect on λ and PA was discovered.  In S1-B, the 

PAp/PAd values of Sec 2, 3, and 4 were higher than those of Sec 1 for both the GPPP 

and ERP time series.  Whereas S2-B had no consistent effect of disturbance on λp/λd 

and PAp/PAd, S6-B had lower λp/λd and PAp/PAd in the disturbed Sec 2, 3, and 4 than in 

the undisturbed Sec 1 for both the GPPP and ERP time series. 

Effect of Disturbance Frequency 

In the frequency tests, the experimental duration plan of 1-5-15 was applied to 

S3-B and S4-B, and the plan of 5-5-15 was applied to S5-B, S7-B, and S8-B.  The 

frequency regimes (regimes 1, 2, 3, and 4) were applied to the four sections of each 

microcosm, Sec 1, 2, 3, and 4, respectively.  The relationships between MGPP and 

disturbance frequency regimes are represented in Figure  3-5 and Table  3-6.  In Figure 
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 3-5, bar graphs were used to show the MGPP-frequency relationships where the 

frequency regimes were categorical data. 

In S3-B, the rank of MGPP[7-t] among the four sections remained during the post-

disturbance period (Figure A-6).  Regardless of the time point t, MGPP[2-6] and MGPP[7-t] 

were highest under regime 4 in S3-B (Figure  3-5).  The MGPP[7-21] difference between 

regimes 4 and 2 in S3-B was 0.1083 mM-CO2/day, while it was 0.0258 mM-CO2/day 

between regimes 1 and 2.  In S4-B, MGPP[2-6] values were higher in regimes 2, 3, and 4 

than in regime 1 with the maximum MGPP[2-6] difference of 0.024 mM-CO2/day between 

regimes 2 and 1 (Figure  3-5).  In S4-B, the MGPP gaps between sections diminished 

during the post-disturbance period, and MGPP was highest in regime 1 (continuous 

disturbance) in the MGPP[7-21]-frequency relationship.  The difference of MGPP[7-21] values 

between regimes 1 and 4 was 0.0074 mM-CO2/day, while it was 0.0032 mM-CO2/day 

between regimes 1 and 2.  When the disturbance and post-disturbance periods were 

aggregated to calculate MGPP values in S4-B, the MGPP values in regimes 2 and 3 were 

higher than that in regime 1 by 0.0036 and 0.0016 mM-CO2/day, while the MGPP in 

regime 4 was lower than that in regime 1 by 0.0018 mM-CO2/day. 

In S5-B, S7-B, and S8-B, the MGPP[11-t] time series between sections in each 

microcosm did not intersect during the post-disturbance period except for a one-point 

turnover between regimes 2 and 4 at Day 19 (S5-B), 12 (S7-B), and 25 (S8-B) 

(Figures A-10, A-14, and A-16).  In S7-B, Sec 1 maintained the lowest MGPP[11-t], 

compared with other sections after Day 14.  S5-B, S7-B, and S8-B commonly showed 

higher MGPP values during the 15-day post-disturbance period under regimes 2, 3, and 4 

(discrete disturbance) than under regime 1 (continuous disturbance) (Figure  3-5).  
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Among regimes 2, 3, and 4, regime 3 had the lowest MGPP[11-25] during the post-

disturbance period.  The maximum MGPP[11-25] differences between two sections in the 

three microcosms were 0.0363 (regimes 2 and 1), 0.0120 (regimes 4 and 1), and 

0.1224 (regimes 2 and 1) mM-CO2/day in S5-B, S7-B, and S8-B, respectively.  The 

minimum MGPP[11-25] differences between regimes 3 and 1 were 0.0164, 0.0045, and 

0.0681 mM-CO2/day in S5-B, S7-B, and S8-B, respectively. 

The MGPP under discrete disturbances could be higher than that under continuous 

disturbances, even if the total energy of the discrete disturbances is lower.  In S8-A and 

S8-B, which were established by the same water and sediment source and tested under 

the same 5-5-15 duration plan, the MGPP[11-25] values of Sec 2, 3, and 4 of S8-A were 

0.113, 0.185, and 0.131 mM-CO2/day, while the MGPP[11-25] value of Sec 1 of S8-B was 

0.072 mM-CO2/day.  It should be noted that the microcosm sections for the intensity 

tests were disturbed discretely.  The total disturbance energy exerted on Sec 2, 3, and 4 

of S8-A was 280, 500, and 620, while that on Sec 1 of S8-B was 840. 

Effect of Disturbance under Different Ecosystem Maturities 

S1, S2, and S6 microcosm sets were designed to test the effects of disturbance 

under different ecosystem maturities using the replicated microcosms A and B.  

Microcosms A and B in S1, S2, and S6 were treated with the same disturbance regimes 

as in the intensity tests (10-day disturbance) during Day 6–15 and Day 21–30, 

respectively.  Three ecosystem-level characteristics were considered in the analysis of 

data: MGPP-disturbance relationship, resistance and resilience, and internal pulsing 

pattern.     
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Relationship between MGPP and Disturbance Regime 

The microcosms S1-A, S2-A, and S6-A, which were disturbed during Day 6–15, 

tended to maintain the MGPP-intensity relationships from the disturbance to the post-

disturbance period (Figure  3-3).  In S1-A, the positive monotonic MGPP-intensity 

relationship during the disturbance period was maintained during the post-disturbance 

period with an exception of MGPP[16-18] at intensity 62, where the MGPP[16-18] was lower 

than that at intensity 50 by 0.006 mM-CO2/day.  Although the MGPP-intensity 

relationships in S2-A were non-significant, the tendency of low MGPP values at 

intensities 40 and 113, and that of high MGPP values at intensities 0 and 62 during the 

disturbance period, remained during the post-disturbance period.  In S6-A, the 

MGPP[6-15]-intensity relationship was non-significant but close to negative monotonic, and 

the negative monotonic relationship remained during the post-disturbance period, 

Day 16–30.   

The microcosms S1-B, S2-B, and S6-B, which were disturbed during Day 21–30, 

did not consistently maintain the MGPP-intensity relationships from the disturbance to the 

post-disturbance period (Figure  3-3).  S1-B and S6-B showed different MGPP-intensity 

relationships between the disturbance and post-disturbance period.  The positive 

monotonic MGPP[21-30]-intensity relationship in S1-B did not remain during the post-

disturbance period, where the MGPP[31-45]-intensity relationship was U-shaped with the 

minimum MGPP at intensity 50.  The negative monotonic MGPP-intensity relationship in 

S6-B during the disturbance period did not remain during the post-disturbance period, 

and gradually changed to a peaked pattern after Day 35.  The non-significant pattern of 

the MGPP[21-30]-intensity relationship during the disturbance period in S2-B, however, was 
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repeated in the MGPP[31-44]-intensity relationship with the transitional peaked pattern of 

the MGPP[31-33]-intensity relationship. 

The microcosms A and B in S1, S2, and S6 showed opposite effects of 

disturbance on MGPP during the post-disturbance period when the microcosm sections 

were categorized into the disturbed and undisturbed groups (Figure  3-3).  During the 

post-disturbance period, MGPP values at intensities 28, 50, and 62 were higher than that 

at intensity 0 in any time range of S1-A, whereas they were lower in S1-B with the 

exception of MGPP[31-35] where MGPP at intensity 62 was higher than that at intensity 0 by 

0.002 mM-CO2/day.  The MGPP[31-35] difference between intensities 62 and 50 was 

0.014 mM-CO2/day in S1-B.  S2-A showed lower MGPP values at intensities 40, 62, and 

113 than that at intensity 0 during the post-disturbance period with the exception of the 

two higher MGPP values at intensity 62 than that at intensity 0 for MGPP[16-18] and 

MGPP[16-30].  The MGPP differences between intensities 62 and 0 were 0.0019 and 

0.0016 mM-CO2/day for MGPP[16-18] and MGPP[16-30] in S2-A.  The maximum MGPP 

differences were 0.0078 (intensities 62 and 40) and 0.0102 (intensities 62 and 

113) mM-CO2/day for MGPP[16-18] and MGPP[16-30] in S2-A.  In S2-B, the MGPP values were 

higher at intensities 40, 62, and 113 than that at intensity 0 in any time range.  The 

MGPP[16-30]-intensity relationship in S6-A and MGPP[31-45]-intensity relationship in S6-B 

clearly showed the opposite effects of disturbance on MGPP: decreases by disturbances 

in S6-A with the MGPP[16-30] difference of 0.022 mM-CO2/day between intensities 0 and 

28, and increases by disturbances in S6-B with the MGPP[31-45] difference of 

0.252 mM-CO2/day between intensities 62 and 0. 
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Resistance and Resilience of GPP and ER 

Resistance and resilience were calculated using Equations 2-20 and 2-21.  The 

resistance (RS) and resilience (RL) of GPP and ER for the disturbed sections in S1-A, 

S1-B, S2-A, S2-B, S6-A, and S6-B are represented in Table  3-7.  The RS values were 

higher in S1-B than in S1-A for GPP and ER with differences (RS difference between 

S1-A and S1-B at each intensity level) ranging from 0.04 to 0.24, while RL values were 

higher in S1-A than in S1-B with differences ranging from 0.08 to 1.16.  S2-A and S2-B 

did not show a consistent high or low tendency in resistance or resilience of GPP or ER.  

While the RS values of S6-B were slightly higher than those of S6-A by 0.01–0.02 with 

the exception of the lower RS value of S6-B for ER by 0.06 at intensity 50, the RL 

values of S6-B were lower than those of S6-A by 6.90–15.87.  

GPP and ER Pulsing 

Comparisons of internal pulsing variables between microcosms A and B in S1, S2, 

and S6 from Table  3-5 revealed that the λp/λd and PAp/PAd of the GPPP or ERP time 

series were higher in the disturbed Sec 2, 3, and 4 than in the undisturbed Sec 1 with 

several exceptions, when the microcosm sections were disturbed during Day 6–15 in 

S1-A, S2-A, and S6-A.  But microcosms S1-B, S2-B, and S6-B, disturbed during 

Day 21–30, showed different tendencies of λp/λd and PAp/PAd among microcosms under 

disturbance.  In S6-B, the λp/λd and PAp/PAd of both the GPPP and ERP time series were 

lower in Sec 2, 3, and 4 than in Sec 1.  In S1-B, only the PAp/PAd values of GPPP and 

ERP were higher in Sec 2, 3, and 4 than in Sec 1.  Although the λp/λd values of the 

GPPP time series were lower in the disturbed sections than in the undisturbed one in 

S1-B, those of the ERP time series were not.  No consistent pattern was discovered 

regarding λp/λd or PAp/PAd between disturbed and undisturbed sections in S2-B.  In 
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terms of the GPPP time series of S2-B, λp/λd and PAp/PAd were higher in Sec 3 and 4 

but lower in Sec 2, compared with those in Sec 1. 

In S1, S2, and S6, microcosm B generally had higher λp/λd and PAp/PAd than 

microcosm A in the undisturbed Sec 1 (Table  3-5).  S1-A, S2-A, and S6-A had λp/λd 

values of 0.56, 0.49, and 0.95 for GPPP and 0.74, 0.51, and 0.50 for ERP in Sec 1, while 

S1-B, S2-B, and S6-B had λp/λd values of 1.00, 0.72, and 1.52 for GPPP and 0.58, 1.77, 

and 1.10 for ERP.  S1-A, S2-A, and S6-A had PAp/PAd values of 0.99, 0.27, and 0.67 for 

GPPP and 0.90, 0.31, and 0.80 for ERP in Sec 1, while S1-B, S2-B, and S6-B had 

PAp/PAd values of 1.02, 1.22, and 1.84 for GPPP and 0.86, 2.48, and 1.16 for ERP. 

Uncertainty of Resultant Patterns 

Uncertainty from [GCO2] Correction 

The theoretical pH-alkalinity relationship at the equilibrium of CO2 gas exchange 

across the air-water interface was plotted using the black line in Figure  3-1.  The 

equilibrium line divides the area into two distinct realms: CO2 gas is transferred from the 

water to the air for any state of a system on the left side, while CO2 diffusion occurs 

from the air to the water on the right.  Figure  3-1 shows that CO2 gas transfer is 

unidirectional throughout the experimental period in S3.  CO2 gas transfer occurs in 

both directions for the other microcosms in which pH-alkalinity pairs are distributed on 

both sides of the equilibrium line. 

The [GCO2] change occurring by CO2 gas exchange across the air-water interface 

was not corrected for the calculation of [PCO2] because the gas transfer velocity, k, was 

uncertain.  To test whether the MGPP-disturbance relationships are affected by [GCO2] 

correction, the sensitivities of MGPP values and MGPP-disturbance relationships were 

examined under the four different k (cm/h) values of 0, 1, 2, and 4.  The ∆[GCO2] was 



 

92 

calculated using Equation 2-15.  Figures  3-6 and  3-7 represent the MGPP-disturbance 

relationships for all microcosms including ∆[GCO2] corrections with the four k values 

during the full 15-day post-disturbance period.  When k equals 0, no CO2 gas diffusion 

was assumed.  Among the microcosms for the intensity tests, the MGPP-intensity 

relationship changed by ∆[GCO2] corrections only in S3-A (Figure  3-6).  As k changed 

from 0 to 4 cm/h, the MGPP-intensity relationship in S3-A changed from non-significant to 

U-shaped, and the MGPP values increased at the four intensities with a maximum 

increase from 0.136 to 0.356 mM-CO2/day at intensity 0.  As k changed from 0 to 

4 cm/h, MGPP values also increased at the four intensities of S1-B with a maximum 

increase from 0.097 to 0.113 mM-CO2/day at intensity 50, but the MGPP-intensity 

relationship did not change.  Among the microcosms for the frequency tests, the 

MGPP-frequency relationship only changed in S4-B (Figure  3-7).  In S4-B, the MGPP 

increased in frequency regimes 2, 3, and 4 with the increasing k values, and the 

maximum increase was observed in regime 2 by 0.005 mM-CO2/day, while the MGPP 

decreased in regime 1 by 0.003 mM-CO2/day between the k of 0 and 4 cm/h.  Although 

the MGPP-frequency relationship did not change in S3-B and S5-B, the MGPP values 

increased with the increase of k (0–4 cm/h) by a maximum of 0.301 (regime 4 of S3-B) 

and 0.021 (regime 2 of S5-B) mM-CO2/day, respectively. 

The four time series of [PCO2] and GPP including ∆[GCO2] corrections under the 

four different k values were plotted for Sec 1 of the microcosms S6-B and S3-A (Figures 

 3-8 and  3-9) to analyze what caused the change of the MGPP-disturbance relationships 

under the different k values.  As shown in Figure  3-6, the MGPP-intensity relationship and 

MGPP values remained regardless of k in S6-B, while the MGPP-intensity relationship and 
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MGPP values changed in S3-A with the increasing k.  In S6-B, the constant MGPP values 

and the fixed MGPP-disturbance relationship under the different k values were attributed 

to the agreement of the short-term [PCO2] patterns among different k values (Figure 

 3-8).  Although the long-term [PCO2] differed up to 0.65 mM at Day 22 under the k 

values between 0 and 4 cm/h, diel [PCO2] patterns were similar under the four k values, 

0, 1, 2, and 4 cm/h in each day.  As a result, the four time series of GPP under the four 

k values agreed with one another in S6-B.  But the time series pattern and values of 

GPP at the k value of 0 were different from those at the k values of 1, 2, and 4 in S3-A 

(Figure  3-9), which was attributed to the discrepancy among the short-term [PCO2] 

patterns under the four k values.  The diel patterns of [PCO2], which determined the 

daily GPP values, disappeared when CO2 gas exchange occurred (k>0) in S3-A as 

shown in Figure  3-10. 

Uncertainty from pH Measurement Error 

It was examined how much [TCO2] potentially changes by pH measurement error.  

The theoretical ∆[TCO2] per 0.01 pH change (-∆[TCO2]/(∆0.01 pH)) was affected by pH 

and alkalinity.  The -∆[TCO2]/(∆0.01 pH) values at the four different [CA] levels were 

plotted in the pH range of 5–10 using the thermodynamic relationship among pH, 

alkalinity, and [TCO2] (Figure  3-11).  The -∆[TCO2]/(∆0.01 pH) became lower as [CA] 

decreased and pH converged to 8.26.  At pH 8.26, the minimum -∆[TCO2]/(∆0.01 pH) 

values were 3.40×10-5, 2.27×10-4, 5.67×10-4, and 1.02×10-3 mM at the [CA] levels of 

0.06, 0.40, 1.00, and 1.80 meq, respectively.  All microcosms, except S3-A, S3-B, and 

S5-A, had the pH of 8.26 in their pH ranges. 

The maximum and minimum -∆[TCO2]/(∆0.01 pH) values were calculated using 

the -∆[TCO2]/(∆0.01 pH) graphs in Figure  3-11 and the pH-alkalinity data of the post-
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disturbance periods of the 16 microcosms.  For the 16 microcosms, the maximum and 

minimum differences between MGPP values for the full post-disturbance period were also 

calculated from Figures  3-3 and  3-5.  The maximum and minimum MGPP differences and 

-∆[TCO2]/(∆0.01 pH) values of the 16 microcosms are presented in Table  3-8.  For the 

calculation of the maximum and minimum differences between MGPP values, only 

significant sections for the MGPP-disturbance relationships were considered.  For 

example, if the MGPP-disturbance relationship is U-shaped in an intensity test, the 

difference of MGPP values between the highest and lowest intensities does not provide 

much information on the significance of the shape.  The important point in making the 

U-shaped relationship is that MGPP values in the intermediate intensities are lower than 

those in the highest and lowest intensities. 

If pH measurement errors occur by 0.01 at peak points of pH diel patterns, the 

resultant GPP error (∆GPP) becomes a twofold of ∆[TCO2] because GPP is calculated 

by the difference between two adjacent slopes in a [PCO2] graph.  The potential 

unreliability of results from S3-A and S3-B was identified in Table  3-8, where the 

maximum -2∆[TCO2]/(∆0.01 pH) values were greater than the minimum MGPP 

differences.  The -2∆[TCO2]/(∆0.01 pH) of S3-A ranged from 0.0128 to 0.0322 mM, 

while the maximum MGPP difference between two sections was 0.0139 mM-CO2/day.  

Although the MGPP in regime 2 was less than that in regime 1 in S3-B, their difference 

was 0.0365 mM-CO2/day, while the maximum -2∆[TCO2]/(∆0.01 pH) was 0.0416 mM.  

Also, the difference of MGPP values between regimes 3 and 1 was 0.0258 mM-CO2/day, 

which was less than the maximum -2∆[TCO2]/(∆0.01 pH) of 0.0416 mM in S3-B.  In 

S1-A, the minimum MGPP difference was as low as 0.0001 mM-CO2/day between 
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intensities 28 and 0, while the -2∆[TCO2]/(∆0.01 pH) ranged from 0.0012 to 0.0030 mM.  

Thus, the positive monotonic MGPP-intensity relationship of S1-A can be misleading, 

although the MGPP difference between intensities 62 and 0 was 0.0222 mM-CO2/day, 

which was high enough to explain the increase of GPP by intensity 62 even under 0.1 

pH measurement error. 

Simulation Models 

Model Equations and Calibrations 

The flows, storages, and calibrations of the basic steady-state microcosm model 

are presented in Table  3-9.  Production functions of interacting components were 

assumed to be multiplicative.  From the literature and results of microcosm experiments, 

storages and flows were estimated as shown in Figure  3-12, while satisfying the 

steady-state of the state variables.  A two-day period and a 15-day period were 

assigned for the turnover rates of the producer and consumer storages, respectively.  

The flows in Figure  3-12, which were on a one-day basis, were substituted by a 

five-minute basis for the computer simulation as represented in Table  3-9.  Because J2 

and J3 in Figure  2-7 were assumed to operate only during the light periods, they were 

regarded as operating on a 12-hour basis.   

Simulation Results 

Tables B-1, B-2, and B-3 present the R codes for the computer simulations of the 

basic steady-state, disturbance intensity, and disturbance frequency models of a 

microcosm, respectively.  The simulation period lasted 50 days.  The time interval of 

simulation (DT) was initially set at 1 (5 minutes) in the program, and it was small enough 

so that the graphs of the state variables did not change with smaller DTs.   
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The state variables of the basic steady-state model approached constant values 

after several days with daily fluctuations caused by the alternating light regimes (Figure 

 3-13).  A daily GPP value was calculated by averaging 114 GPP values of each day, 

and it approached 0.0999 mM-C/day around Day 10.  The storage of producers (Pro) 

maintained the steady-state after Day 10.  While the consumer storage (Con) leveled off 

after Day 10, biomass of Con decreased by 2 mg-C from 270 to 268 mg-C during Day 

1–10.  The water column nutrient concentration (Nut) approached 3.9 mg-P after 

Day 10.  The dead organic matter from producers (ProD) approached 72.3 mg-C around 

Day 40, while it slightly increased from Day 20 to 40 by 0.4 mg-C.  The dead organic 

matter from consumers (ConD) decreased from Day 1 to 50 by 0.5 mg-C.   

Figure  3-14 depicts the general patterns of the GPP time series under the distinct 

sign combinations of ±p·fd from the simulation of intensity and frequency tests.  

Regardless of discrete or continuous disturbance, the GPP values of the models 

affected by disturbance eventually approached the reference GPP during the 

post-disturbance period when the reproduction coefficients of producers and consumers 

were temporarily changed during the disturbance period (p<threshold).  On the contrary, 

the GPP drifted apart from the reference GPP when the coefficients were permanently 

altered by disturbance (p≥threshold). 

It was assumed that the coefficients involved in the death rates (not from 

predation) always increase by disturbance.  But disturbance may increase, decrease, or 

not affect the coefficients of reproductions, k2-k3 and k4-k5.  Thus, the simulation models 

could have nine different cases in the effects of disturbance depending on the increase, 

decrease, or the lack of effect in k2-k3 and k4-k5.  As the result of simulations of intensity 
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and frequency models, the pattern of the GPP time series changed according to the 

combination of the signs of ±p·fd between k2-k3 and k4-k5, but only the GPP level 

changed under the different magnitudes of the ±p·fd. 

Distinct MGPP-disturbance relationships were temporarily generated under different 

fd-5 values, even if the sign combinations of the ±p·fd involved in the coefficients, k2-k3 

and k4-k5, were the same.  For example, under the positive signs of ±p·fd for k2-k3 and 

k4-k5, the MGPP-disturbance relationship during the post-disturbance period changed 

from a negative monotonic to non-significant when the fd-5 values changed from 0.3 to 

0.5 in the condition of p less than the threshold, and from 0.0002 to 0.0001 in the 

condition of p equal to or greater than the threshold, as shown in Figure  3-15.  But the 

non-significant MGPP-disturbance relationship in D of Figure  3-15 will return to a negative 

monotonic pattern in the long term as shown in B (after Day 45) because GPP under 

the low p condition approaches the reference GPP line over time. 

The ratio of water column nutrient to total nutrient (Nut/TN) affected the patterns 

and levels of GPP time series (Figure  3-16).  Although most sign combinations of ±p·fd 

for k2-k3 and k4-k5 did not change the pattern of GPP time series under different Nut/TN 

values, the GPP time series were significantly altered in the combination of (+,0) when 

the Nut/TN changed from 0.24 to 0.39 as shown in Figure  3-16.  In the initial model, the 

storage Nut was 3.85 mg-P and TN was 16 mg-P (Nut/TN=0.24).  To study the effect of 

Nut/TN on the pattern of GPP time series, the other condition was established with Nut 

as 7.85 mg-P and TN as 20 mg-P (Nut/TN=0.39).  The increased Nut/TN mimicked a 

nutrient enrichment or an increase of Nut by increased turnover or decomposition rates 

of organic matters.  Under the sign combination of (+,0), the increase of the Nut/TN 
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raised the GPP levels at p level 0.  When Nut/TN changed from 0.24 to 0.39 (A and B in 

Figure  3-16), the GPP values under the condition of p less than the threshold deviated 

more from the reference GPP during the disturbance period, and the decreasing 

patterns of GPP values under the condition of p equal to or greater than the threshold 

changed to increasing patterns during the post-disturbance period. 

Validation of the Models 

The resultant MGPP-disturbance relationships from the simulation models were 

compared with the microcosm results to suggest possible mechanisms of the 

disturbance effects on the MGPP-disturbance relationships of the microcosms.  The 

distinct MGPP-disturbance relationships were determined by a threshold p, fd-5 in the p 

less than the threshold, fd-5 in the p equals to or greater than the threshold, and the sign 

combinations of the ±p·fd for k2-k3 and k4-k5.  These factors were manipulated to 

produce several relationships between MGPP and disturbance regimes.  From the 

simulations, possible MGPP-disturbance relationships were generated under the distinct 

combinations of the factors, and each relationship represented an MGPP-disturbance 

relationship observed in the microcosm results as shown in Figures  3-17 and  3-18.  

Although the power threshold may change during the experimental period by either 

structural improvement or deterioration of a microcosm under disturbance, it was 

assumed that the power threshold remained constant throughout the experimental 

period in the simulation models.  Because the sign combinations of the ±p·fd for k2-k3 

and k4-k5 may also be different between the power values above and below a threshold, 

all possible combinations of the signs were simulated to find the MGPP-disturbance 

relationships observed in the microcosm tests.   
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In the simulation of the intensity model (Figure  3-17), similar MGPP-intensity 

relationships as the microcosm results were generated by various sign combinations of 

±p·fd for k2-k3 and k4-k5 between the power values above and below a threshold.  While 

most MGPP-intensity relationships were generated by the same sign combinations of 

either (+,+), (+,-), (0,-), (+,0), or (-,-) between the power values above and below a 

threshold, C (S2-A) and K (S8-A) were generated by different sign combinations: (+,+) 

for a p less than the threshold and (0,+) for a p equal to or greater than the threshold in 

C, and (0,-) for a p less than the threshold and (+,-) for a p equal to or greater than the 

threshold in K.  Even under the same sign combination of ±p·fd for k2-k3 and k4-k5, 

different MGPP-intensity relationships were generated depending on fd-5 values and a 

threshold of p.  For example, E, G, and H had non-significant, U-shaped, and negative 

monotonic relationships during the post-disturbance period, and the distinct 

relationships were caused by different fd-5 values and power thresholds under the same 

sign combination of (+,+). 

Although the steady-state models could not represent the development of 

microcosms, where system configuration changes over time, the models for the 

microcosms S1-A, S1-B, S2-A, S2-B, S6-A, and S6-B showed how each microcosm 

pair, A and B, in S1, S2, and S6 responded to the same disturbance regimes in the 

maturity tests.  In the models for S1-A and S1-B (A and B of Figure  3-17), the sign 

combinations were (0,-) and (+,-), respectively.  While disturbances always reduced the 

reproduction rates of consumers in both microcosms A and B of S1, they increased the 

reproduction rate of producers in microcosm B.  In the models for S2-A and S2-B (C 

and D of Figure  3-17), the sign combinations were (+,+) for a p less than the threshold 
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and (0,+) for a p equal to or greater than the threshold for the S2-A model, and (0,-) for 

the S2-B model.  Whereas the disturbance effect was positive on the reproduction rate 

of consumers in microcosm A of S2, it was negative in microcosm B.  The positive effect 

of disturbance on the reproduction rate of producers in microcosm A of S2 disappeared 

in microcosm B.  In the models for S6-A and S6-B (H and I of Figure  3-17), the sign 

combinations were (+,+) and (-,-), respectively.  While it was suggested from the 

simulation model that disturbances reduced reproduction rates of producers and 

consumers in microcosm B of S6 in contrast to microcosm A, the MGPP values were 

increased by the disturbances as shown in the result of the microcosm S6-B. 

In the simulation of the frequency model (Figure  3-18), the x-axis indicates the 

frequency regimes applied in the frequency tests of the microcosms.  Thus, the 

continuous low power (p=1) of disturbance was applied in regime 1, while the high 

power (p=7) was applied in regimes 2, 3, and 4 with the distinct frequencies and 

durations used in the microcosm tests.  The MGPP of the undisturbed reference section 

was represented as regime 0.  The threshold of p was set at 2, so the temporary fd 

change occurred only under the frequency regime 1.  The fd was permanently changed 

in the other regimes, 2, 3, and 4.  The MGPP-frequency relationship of the microcosm 

S3-B was generated by the sign combination of (-,-) (A of Figure  3-18).  The MGPP-

frequency relationship of S4-B was possible when different sign combinations were 

applied above and below the power threshold: (-,+) for a p less than the threshold and 

(+,0) for a p equal to or greater than the threshold (B of Figure  3-18).  The sign 

combination of (0,-) was applied to generate the MGPP-frequency relationships of S5-B, 

S7-B, and S8-B (C of Figure  3-18).  The MGPP values in frequency regimes 2, 3, and 4 
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were higher than that in regime 1, which was observed in the microcosms S5-B, S7-B, 

and S8-B.  The frequency model, however, failed to generate the MGPP-frequency 

relationship among frequency regimes 2, 3, and 4 observed in the microcosms S5-B, 

S7-B, and S8-B.  In the simulation model for the microcosms S5-B, S7-B, and S8-B, 

MGPP values among frequency regimes 2, 3, and 4 monotonically increased from 

regime 2 to 4 during the post-disturbance period.  In the microcosms S5-B, S7-B, and 

S8-B, the MGPP in frequency regime 3 was lower than those in regimes 2 and 4 during 

the 15-day post-disturbance period. 

The general patterns of GPP time series during the disturbance and post-

disturbance periods, represented in Figure  3-14, show that GPP always increases by 

disturbance when the sign combination of ±p·fd for k2-k3 and k4-k5 is (0,-) regardless of a 

power threshold in both the intensity and frequency models.  That is, GPP increased 

when disturbances reduced the reproduction rate of consumers but did not affect that of 

producers.  In A and D of Figure  3-17, where the sign combination of ±p·fd for k2-k3 and 

k4-k5 was (0,-), MGPP values were higher at power levels 1, 2, 3, and 4 than at power 

level 0, although MGPP-intensity relationships were different depending on the values of 

fd-5 and the power threshold.  In C of Figure  3-18, where the sign combination was also 

(0,-), the MGPP values of the disturbed systems (regimes 1, 2, 3, and 4) were higher than 

that of the undisturbed system (regime 0).  An increased GPP by disturbances also 

could be generated by different sign combinations of (+,-) for a p equal to or greater 

than a threshold and (0,-) for a p less than a threshold during both the disturbance and 

post-disturbance periods as shown in Figure  3-14.  In K of Figure  3-17, where sign 

combinations were (0,-) for a p less than the threshold and (+,-) for a p equal to or 
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greater than the threshold, GPP increased by disturbances during both the disturbance 

and post-disturbance periods. 

The GPP values always decreased by disturbances during both the disturbance 

and post-disturbance periods only when the sign combination was (+,+) at any power 

and only in the simulation of the frequency model as shown in Figure  3-14.  The GPP 

could decrease by disturbances during both the disturbance and post-disturbance 

periods in the simulation of the intensity model, however, when the values of fd-5 and 

power threshold were well matched with the sign combination of (+,+) for any power, or 

the sign combinations of (+,+) for a p less than a threshold and either (-,+) or (0,+) for a 

p equal to or greater than a threshold as shown in C, E, G, and H of Figure  3-17. 
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Table  3-1. Ranges of pH, alkalinity, and GPP in the 16 microcosms. 

Microcosm Sample lake Tank pH range 
Alkalinity range 

(meq) 
GPP range 

(mM-CO2/day)

S1 Newnan 
A 
B 

7.2–9.6 
7.4–9.6 

0.48–1.28 
0.46–1.60 

0.07–0.32 
0.07–0.32 

S2 Alice 
A 
B 

7.6–8.9 
7.6–8.9 

1.46–1.82 
1.46–1.84 

0.02–0.06 
0.02–0.07 

S3 Santa Fe 
A 
B 

5.3–5.8 
5.1–5.7 

0.06–0.08 
0.06–0.08 

0.04–0.21 
0.05–0.53 

S4 Wauberg 
A 
B 

7.0–8.3 
7.1–8.6 

0.32–0.40 
0.32–0.40 

0.01–0.11 
0.04–0.07 

S5 Orange 
A 
B 

6.5–8.0 
6.5–8.9 

0.34–0.44 
0.38–0.42 

0.05–0.30 
0.05–0.25 

S6 Alice 
A 
B 

7.7–9.2 
7.7–10.0 

1.50–1.62 
1.52–1.66 

0.02–0.23 
0.01–0.92 

S7 Alice 
A 
B 

7.8–9.1 
7.8–9.2 

1.24–1.40 
1.26–1.38 

0.02–0.09 
0.02–0.12 

S8 Newnan 
A 
B 

7.9–9.7 
7.6–9.9 

0.56–0.80 
0.58–0.84 

0.02–0.42 
0.02–0.50 

 

Table  3-2. Pearson’s correlation coefficient (r) between GPP and ER in the four sections 
of each microcosm during the disturbance and post-disturbance periods. 

Disturbance period Post-disturbance period 
Microcosm 

Sec 1 Sec 2 Sec 3 Sec 4 Sec 1 Sec 2 Sec 3 Sec 4

S1-A 
S1-B 

0.90 
0.95 

-0.61 
0.84 

0.38
0.90

0.60
0.99

0.95
0.96

0.97 
0.83 

0.78 
0.85 

0.98
0.94

S2-A 
S2-B 

0.26 
0.44 

-0.07 
0.48 

-0.25
0.74

-0.09
0.58

0.60
0.72

0.86 
0.72 

0.87 
0.64 

0.72
0.75

S3-A 
S3-B 

0.62 
-0.36 

0.89 
-0.58 

0.69
0.95

0.94
-0.06

0.68
0.83

0.60 
0.87 

0.22 
0.81 

0.46
0.88

S4-A 
S4-B 

0.93 
0.76 

0.89 
1.00 

0.98
0.98

0.98
0.99

0.96
0.95

0.97 
0.95 

0.91 
0.89 

0.95
0.97

S5-A 
S5-B 

0.93 
0.91 

0.97 
0.99 

0.98
1.00

0.92
0.77

0.99
0.89

0.96 
0.95 

0.94 
0.97 

0.86
0.95

S6-A 
S6-B 

0.96 
0.99 

0.55 
0.99 

0.80
0.98

0.86
0.98

1.00
0.97

0.99 
1.00 

0.98 
1.00 

0.98
1.00

S7-A 
S7-B 

0.90 
0.91 

0.99 
0.33 

0.99
-0.26

0.94
0.85

0.90
0.99

0.82 
0.99 

0.98 
0.99 

0.86
0.99

S8-A 
S8-B 

1.00 
0.21 

0.99 
0.99 

0.99
0.99

0.87
0.97

0.99
0.99

1.00 
0.99 

1.00 
0.98 

0.99
0.99
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Table  3-3. Average GPP/ER ratio in the four sections of each microcosm during the 
disturbance and post-disturbance periods.  ((A) and (H) denote autotrophic 
and heterotrophic state of each microcosm determined by GPP/ER ratio 
during the disturbance period.) 

Disturbance period Post-disturbance period 
Microcosm 

Sec 1 Sec 2 Sec 3 Sec 4 Sec 1 Sec 2 Sec 3 Sec 4 

S1-A (H) 
S1-B (H) 

0.86 
0.90 

0.89 
0.92 

0.90 
0.90 

0.90 
0.91 

0.94 
0.93 

0.93 
0.92 

0.91 
0.91 

0.94 
0.92 

S2-A (H) 
S2-B (H) 

1.01 
0.88 

0.91 
0.98 

0.95 
0.87 

0.93 
0.94 

0.85 
0.96 

0.87 
0.99 

0.86 
1.00 

0.86 
1.02 

S3-A (A) 
S3-B (A) 

1.28 
1.64 

1.48 
1.40 

1.40 
1.45 

1.80 
1.37 

1.07 
1.03 

1.11 
0.99 

1.15 
1.04 

1.05 
1.05 

S4-A (A) 
S4-B (A) 

1.10 
1.06 

1.21 
1.09 

1.15 
1.09 

1.13 
1.14 

1.06 
1.13 

1.20 
1.02 

1.00 
1.01 

1.04 
1.05 

S5-A (A) 
S5-B (A) 

1.06 
1.51 

1.14 
1.50 

1.21 
1.63 

1.16 
1.48 

1.01 
1.01 

1.00 
0.99 

1.00 
0.99 

1.01 
0.99 

S6-A (H) 
S6-B (A) 

0.91 
1.06 

0.89 
1.06 

0.87 
1.06 

0.89 
1.06 

1.01 
1.04 

0.99 
1.04 

1.02 
1.03 

0.95 
1.03 

S7-A (A) 
S7-B (A) 

1.37 
1.22 

1.28 
1.18 

1.25 
1.14 

1.27 
1.24 

1.01 
1.11 

0.98 
1.06 

1.06 
1.09 

1.04 
1.03 

S8-A (H) 
S8-B (H) 

0.96 
1.00 

0.97 
0.99 

0.96 
0.98 

0.97 
0.95 

0.90 
0.90 

0.94 
0.97 

0.98 
0.96 

0.97 
0.99 

 
 
Table  3-4. MGPP-intensity relationship of the 11 microcosms in the intensity tests.  

(Numbers in each bracket indicate the time (Day) range of t1–t2 where MGPP 
was calculated.  NM: negative monotonic, NS: non-significant, P: peaked, 
PM: positive monotonic, U: U-shaped.) 

Microcosm 
Duration 

plan 
Disturbance period Post-disturbance period 

S1-A 5-10-15 PM [6–15] P [16–19], PM [16–30] 
S1-B 20-10-15 PM [21–30] U [31–45] 

S2-A 5-10-15 
NS [6–15] 

U (intensity 0–62)a 
NS [16–30] 

U (intensity 0–62)a 

S2-B 20-10-15 
NS [21–30] 

P (intensity 0–62)a 
P [31–33], NS [31–44] 

P [31–44] (intensity 0–62)a  
S3-A 1-5-15 P [2–6] NS [7–21] 
S4-A 1-5-15 NS [2–6] U [7-8], NM [7–17], NS [7–21] 
S5-A 5-10-15 U [6–15] U [16–30] 
S6-A 5-10-15 NS [6–15] PM [16–17], P [16–22], NM [16–30] 
S6-B 20-10-15 U [21–30] NM [31–32], P [31–45] 
S7-A 5-5-15 P [6–10] NM [11–11], U [11–25] 
S8-A 5-5-15 PM [6–10] P [11–25] 

aMGPP-intensity relationship in the intensity range of 0–62 was provided in S2-A and S2-B for 
comparison with other microcosms.  The full intensity range was 0–113 in S2-A and S2-B. 
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Table  3-5. Ratio of post-disturbance to disturbance in wavelength (λ) and peak 
amplitude (PA) of the pulsing GPP (GPPP) and pulsing ER (ERP) of 
microcosms.  (The subscripts p and d denote the post-disturbance and 
disturbance periods.) 

GPPP ERP Micro
cosm 

Variable 
Sec 1 Sec 2 Sec 3 Sec 4 Sec 1 Sec 2 Sec 3 Sec 4

S1-A 
λp/λd 

PAp/PAd 
0.56 
0.99 

0.57 
2.21 

0.76 
1.31 

1.33 
2.17 

0.74 
0.90 

1.18 
2.27 

0.88 
1.39 

1.08 
1.52 

S2-A 
λp/λd 

PAp/PAd 
0.49 
0.27 

0.51 
0.46 

0.71 
0.85 

0.61 
0.58 

0.51 
0.31 

0.47 
0.52 

0.60 
0.78 

0.50 
0.48 

S5-A 
λp/λd 

PAp/PAd 
0.40 
0.38 

1.82 
0.56 

1.32 
0.52 

0.77 
0.84 

0.44 
0.38 

1.82 
0.51 

1.32 
0.49 

0.62 
0.82 

S6-A 
λp/λd 

PAp/PAd 
0.95 
0.67 

1.05 
0.96 

1.68 
0.52 

1.43 
1.16 

0.50 
0.80 

1.20 
2.31 

0.50 
0.52 

0.71 
0.94 

S1-B 
λp/λd 

PAp/PAd 
1.00 
1.02 

0.91 
1.21 

0.70 
1.40 

0.55 
1.70 

0.58 
0.86 

1.21 
1.56 

0.60 
1.64 

0.51 
1.86 

S2-B 
λp/λd 

PAp/PAd 
0.72 
1.22 

0.62 
0.48 

1.00 
1.56 

1.20 
1.87 

1.77 
2.48 

1.27 
3.81 

2.12 
4.43 

1.22 
0.99 

S6-B 
λp/λd 

PAp/PAd 
1.52 
1.84 

0.69 
0.43 

0.41 
0.54 

0.43 
0.55 

1.10 
1.16 

0.60 
0.52 

0.40 
0.82 

0.37 
0.90 

The underlined numbers indicate lower λp/λd or PAp/PAd of disturbed sections than that of Sec 1 
in S1-A, S2-A, S5-A, and S6-A. 
 
 
Table  3-6. Rank of MGPP among the four sections in each microcosm under disturbance 

frequency regimes.  (Numbers in each bracket indicate the time (Day) range 
of t1–t2 where MGPP was calculated.  Ranked in the order of high to low MGPP.) 

Microcosm 
Duration 

plan 
Disturbance 

period 
Post-disturbance period 

S3-B 1-5-15 4-2-1-3 [2–6] 4-3-2-1 [7–8], 4-3-1-2 [7–21] 
S4-B 1-5-15 2-3-4-1 [2–6] 1-2-4-3 [7–13], 1-2-3-4 [7–21] 

S5-B 5-5-15 4-2-3-1 [6–10] 
2-4-3-1 [11–12], 4-2-3-1 [11–19],  

2-4-3-1 [11–25] 
S7-B 5-5-15 2-3-4-1 [6–10] 4-2-1-3 [11–13], 4-2-3-1 [11–25] 
S8-B 5-5-15 3-2-4-1 [6–10] 2-4-3-1 [11–25] 
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Table  3-7. Resistance (RS) and resilience (RL) of GPP and ER in the three microcosm 
sets S1, S2, and S6.  (Section numbers are substituted by disturbance 
intensities in the parentheses.) 

Microcosm 
Duration 

plan 
        GPP 

(Disturbance intensity) 
      ER 

      (Disturbance intensity) 

RS  
 

S1-A 
S1-B 

 
 

5-10-15 
20-10-15 

(28)
0.81
0.91

(50)
0.65
0.89

(62)
0.57
0.81

(28)
0.89
0.93

 
(50) 
0.75 
0.90 

(62)
0.66
0.83

 
S2-A 
S2-B 

 
5-10-15 
20-10-15 

(40)
0.81
0.55

(62)
0.88
0.91

(113)
0.86
0.70

(40)
0.85
0.69

(62) 
0.84 
0.89 

(113)
0.91
0.76

 
S6-A 
S6-B 

 
5-10-15 
20-10-15 

(28)
0.80
0.81

(50)
0.73
0.74

(62)
0.76
0.76

(28)
0.80
0.82

(50) 
0.80 
0.74 

(62)
0.75
0.77

   
RL 

 
S1-A 
S1-B 

 
 

5-10-15 
20-10-15 

(28)
0.38
0.03

(50)
0.52

-0.64

(62)
0.47
0.29

(28)
-0.20
-0.29

 
(50) 
0.38 

-0.61 

(62)
0.33
0.25

 
S2-A 
S2-B 

 
5-10-15 
20-10-15 

(40)
0.38
0.33

(62)
0.05

-0.20

(113)
-0.50
0.49

(40)
0.24
0.17

(62) 
0.36 

-0.16 

(113)
-1.41
0.36

 
S6-A 
S6-B 

 
5-10-15 
20-10-15 

(28)
-0.33

-13.86

(50)
0.08

-8.76

(62)
-1.00
-7.90

(28)
-0.31

-16.18

(50) 
-0.14 
-9.63 

(62)
-0.83
-9.03
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Table  3-8. MGPP differences in the MGPP-disturbance relationships and potential [TCO2] 
changes by 0.01 pH error in the 16 microcosms.  (The values of MGPP 
difference were calculated from the 15-day post-disturbance period.) 

MGPP difference (mM-CO2/day) -∆[TCO2]/(∆0.01 pH) (mM) 
Microcosm 

Maximum(×10-4) Minimum(×10-4) Maximum(×10-4) Minimum(×10-4) 
S1-A   222     1   15   6 
S1-B   208 107   23   7 
S2-A   102   21   15 10 
S2-B   134   22   17 10 
S3-A   139   37 161 64 
S3-B 1083 258 208 80 
S4-A     63   38   14   2 
S4-B     74   32   14   2 
S5-A   512 129   37   3 
S5-B   363 164   36   2 
S6-A   510   68   32   9 
S6-B 3782 448   69   9 
S7-A   150   23   19   7 
S7-B   120   45   21   9 
S8-A 1324 540   28   4 
S8-B 1224 681   31   4 
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Table  3-9. Equations and calibrations of the basic steady-state model of a microcosm.  
(Numbers are based on one section (30 L) of a microcosm with five-minute 
simulation intervals.) 

Variable Equation Unit 
Steady-state 

value 
Source 

Source     

Light L mmol·m-2·(5min)-1 
0 (6pm–6am) 

45 (6am–6pm) 
Microcosm 

Remaining 
light (R) 

10% of L mmol·m-2·(5min)-1 
0 (6pm–6am) 

4.5 (6am–6pm) 
Guess 

Storages     
Producer Pro mg-C 72 Wetzel (2001)a 

Consumer Con mg-C 270 Wetzel (2001)b 
Dead 

producer 
ProD mg-C 72 

Rodgers and 
DePinto (1983)c 

Dead 
consumer 

ConD mg-C 72 Guessc 

Nutrient 
(Nut) 

TN-fP(Pro+ProD) 
-fC(Con+ConD) 

mg-P 3.85 
Florida 

LAKEWATCH 
(2005)d 

Flows     
J1 k1·R·Nut·Pro mmol·m-2·(5min)-1 40.5 Guess 
J2 k2·R·Nut·Pro mg-C·(5min)-1 0.25 Microcosm S1 

J3 k3·R·Nut·Pro mg-C·(5min)-1 0.075 
Guess from 

Lindeman(1942)e 
J4 k4·Pro·Con mg-C·(5min)-1 0.0625 Guessf 

J5 k5·Pro·Con mg-C·(5min)-1 0.0375 
Guess from 

Lindeman(1942)g 
J6 k6·Pro mg-C·(5min)-1 0.025 Steady-state 
J7 k7·Con mg-C·(5min)-1 0.025 Steady-state 
J8 k8·ProD mg-C·(5min)-1 0.025 Steady-state 
J9 k9·ConD mg-C·(5min)-1 0.025 Steady-state 

Coefficients     
k1  (mg-P·mg-C)-1 3.25E-2  
k2  m2·(mmol·mg-P)-1 2.00E-4  
k3  m2·(mmol·mg-P)-1 6.01E-5  
k4  (mg-C·5min)-1 3.21E-6  
k5  (mg-C·5min)-1 1.93E-6  
k6  (5min)-1 3.47E-4  
k7  (5min)-1 9.26E-5  
k8  (5min)-1 3.47E-4  
k9  (5min)-1 3.47E-4  
fP   0.025 Redfield ratioh 
fC   0.025 Guess 

aThe storage of producers was calculated based on the 2-day turnover rate.  bAverage 15-day 
turnover rate for consumers.  c10-day turnover rate for decomposition.  dWater column P was 
assumed to be 128 μg/L (Lake Newnan).  eJ3 was assumed to be 30% of J2 (considering a new 
environment for species, a higher percentage than the one Lindeman suggested was assumed).  
fHalf of GPP.  gJ5 was assumed to be 60% of J4 (a higher percentage was assumed in the same 
reason for e).  hMass ratio of C/P=41 from Redfield ratio of C:N:P=106:16:1.  
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Figure  3-1. Ranges of pH-alkalinity pairs of the eight microcosm sets. 
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Figure  3-2. Time series of pH in the four sections of S8-A. 
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x-axis: Disturbance intensity 

y-axis: MGPP (mM-CO2/day) 

Figure  3-3. MGPP-intensity relationships of the 11 microcosms for the intensity tests.  
(Numbers in each bracket indicate the time (Day) range of t1–t2 where MGPP 
was calculated.)  
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Figure  3-4. Top view of S6 microcosms on Day 45.  A) S6-A.  B) S6-B.  
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      x-axis: Disturbance frequency regime 

      y-axis: MGPP (mM-CO2/day) 

 

Figure  3-5. MGPP-frequency relationships of the five microcosms for the frequency tests.  
(Numbers in each bracket indicate the time (Day) range of t1–t2 where MGPP 
was calculated.) 
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Figure  3-6. Sensitivity of MGPP-intensity relationships of the 15-day post-disturbance 
period under the different k (cm/h) values in the 11 microcosms for the 
intensity tests.  
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Figure  3-7. Sensitivity of MGPP-frequency relationships of the 15-day post-disturbance 
period under the different k (cm/h) values in the five microcosms for the 
frequency tests. 
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Figure  3-8. Time series of [PCO2] and GPP in Sec 1 of S6-B under the different k (cm/h) 
values.  A) [PCO2].  B) GPP. 
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Figure  3-9. Time series of [PCO2] and GPP in Sec 1 of S3-A under the different k (cm/h) 
values.  A) [PCO2].  B) GPP. 
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Figure  3-10. [PCO2] patterns during Day 10–15 in Sec 1 of S3-A under the different k 
(cm/h) values.  A) k=0.  B) k=1.  C) k=2.  D) k=4. 
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Figure  3-11. Change of [TCO2] per 0.01 pH error in the different pH and [CA] levels. 
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Figure  3-12. Flows and storages with numbers in the basic steady-state model of a 

microcosm. 
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Figure  3-13. Simulation results of the variables from the basic steady-state model of a 
microcosm.  (GPP is an average of all GPP values in each day.  Each state 
variable is based on a 30 L microcosm tank section.) 
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Figure  3-14. Patterns of GPP time series from the simulation of the disturbance intensity 
and frequency models under the different combinations of ±p·fd signs 
between k2-k3 and k4-k5.  (The horizontal lines indicate the reference GPP.) 
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Figure  3-15. Effect of fd-5 values on GPP and MGPP patterns from the simulation of the 
disturbance intensity model.  (The sign combination of ±p·fd for k2-k3 and k4-k5 
was (+,+).  The p threshold was 3.  The disturbances were applied from Day 
20 to 29 for an hour each day.)  A) GPP at the fd-5 values of 0.3 (p<threshold) 
and 0.0002 (p≥threshold).  B) GPP at the fd-5 values of 0.5 (p<threshold) and 
0.0001 (p≥threshold).  C) MGPP-intensity from A.  D) MGPP-intensity from B. 
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Figure  3-16. Effect of water column nutrient percentage on GPP and MGPP patterns from 
the simulation of the disturbance intensity model.  (The sign combination of 
±p·fd for k2-k3 and k4-k5 was (+,0).  The p threshold was 3.  The disturbances 
were applied from Day 20 to 29 for an hour each day.  The fd-5 values were 
0.4 (p<threshold) and 0.0002 (p≥threshold).)  A) GPP at Nut/TN=0.24.  B) 
GPP at Nut/TN=0.39.  C) MGPP-intensity from A.  D) MGPP-intensity from B. 
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Figure  3-17. Possible MGPP-intensity relationships from the simulation models for the 
intensity tests.  (Dashed line: MGPP during the 10-day disturbance period, solid 
line: MGPP during the 15-day post-disturbance period.  Low p: p less than a 
threshold, high p: p equal to or greater than a threshold.) 
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Figure 3-17. Continued. 
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Figure  3-18. Possible MGPP-frequency relationships from the simulation models for the 
frequency tests.  (Dashed line: MGPP during the five-day disturbance period, 
solid line: MGPP during the 15-day post-disturbance period.  Low p: p less than 
a threshold, high p: p equal to or greater than a threshold.) 
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4CHAPTER 4   
DISCUSSION 

Conclusions 

This study investigated the effects of disturbance on ecosystem processes, gross 

primary productivity (GPP) and ecosystem respiration rate (ER), using microcosms and 

simulation models.  The effects of disturbance were studied from the perspective of 

three major topics in ecology: the intermediate disturbance hypothesis, ecosystem 

maturity, and pulsing paradigm.  The analyses of the microcosm experiments and 

subsequent simulation models were ultimately synthesized to draw the following 

conclusions: 

 The relationship between ecosystem GPP and disturbance intensity regimes can 
be positive monotonic, negative monotonic, U-shaped, peaked, or non-significant.  
Although the relationship between GPP and disturbance frequency regimes can 
be various, GPP is generally higher under discrete disturbances than under 
continuous disturbances when the total energy is the same between the discrete 
and continuous disturbances.  The relationships between GPP and disturbance 
regimes may be determined by changes of efficiencies in energy flow pathways of 
a system under disturbances and by a disturbance threshold above which the 
efficiencies are permanently altered. 

 
 The effects of disturbance on ecosystem processes depend on the maturity of the 

ecosystem at the time of the disturbance.  If an ecosystem reinforces interactions 
among biotic and abiotic components over time, a less mature ecosystem is 
generally more resilient but less resistant to external disturbances than a mature 
counterpart.  Whereas internal processes of a less mature ecosystem tend to be 
significantly affected by external disturbances, those of a mature counterpart tend 
be more influenced by internal trajectory of succession than by the external 
disturbances.   

 
 The pulsing pattern of GPP or ER is influenced by disturbances.  The wavelengths 

and peak amplitudes of GPP and ER pulsing patterns are amplified under 
disturbances, compared with a reference state.  This tendency is more obvious in 
a less mature ecosystem than in a mature counterpart. 
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Discussion 

Credibility of MGPP-Disturbance Relationships in the Microcosms 

The credibility of the relationships between mean GPP (MGPP) and disturbance 

regimes could be affected by pH measurement error.  As shown in Figure  3-11, the 

value of -∆[TCO2]/(∆0.01 pH) increased as pH deviated from 8.26 or alkalinity 

increased.  The U-shaped relationship between -∆[TCO2]/(∆0.01 pH) and pH in Figure 

 3-11 was attributed to the low -∆[TCO2]/(∆0.01 pH) values within the pH range of 7.5–

9.0 in the pH-[TCO2] graphs as shown in Figure  2-2.  S3-A and S3-B had pH values in 

the range of 5.1–5.8, whereas pH values of the other microcosms were distributed in 

the range of 6.5–10.0.  Thus, S3-A and S3-B could have the greatest [TCO2] error due 

to pH measurement error.  Among the microcosms, the MGPP-disturbance relationships 

of S1-B, S5-A, S5-B, S6-B, S8-A, and S8-B were most reliable and not likely to change 

by pH measurement error, as shown in Table  3-8. 

When the credibility of the MGPP-disturbance relationship is considered, Table  3-8 

must be carefully interpreted.  Because MGPP for a post-disturbance period was 

calculated by averaging 15-day GPP values, the resultant MGPP-disturbance relationship 

was likely to be affected by pH measurement error when the pH error occurred every 

day at peak pH points by which the daily GPP is calculated or when large pH errors 

occurred over a couple of days at peak pH points.  In addition, the maximum or 

minimum -∆[TCO2]/(∆0.01 pH) in each microcosm presented in Table  3-8 is the extreme 

that rarely occurs.  Thus, a simple comparison between a minimum MGPP difference and 

a maximum -2∆[TCO2]/(∆0.01 pH) in each microcosm does not guarantee the credibility 

of a resultant MGPP-disturbance relationship, but it provides a guideline for determining 

the significance of the relationship. 
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The credibility of MGPP-disturbance relationships could also be affected by a gas 

exchange coefficient, k.  The change of k did not influence the MGPP-disturbance 

relationships in most microcosms, but it significantly changed the values of MGPP or 

MGPP-disturbance relationships in S1-B, S3-A, S3-B, and S4-B.  Because a daily GPP of 

each section of a microcosm was determined by peak values in a [PCO2] time series, 

whether the daily [PCO2] patterns remained under different k values was critical for 

constant MGPP values or MGPP-disturbance relationships, even if the [GCO2] corrections 

changed the overall level of [PCO2] in the long term.  The change of [PCO2] patterns by 

different k values in Figure  3-10 indicates the significant contribution of CO2 gas 

exchange across the air-water interface in S3-A.  The k values of 1, 2, and 4 cm/h not 

only eliminated diel [PCO2] fluctuations but also raised the overall [PCO2] levels in S3-A 

because the theoretical ∆[GCO2] was much greater than ∆[TCO2] in the low pH range of 

5.1–5.8.  Inversely, the loss of [PCO2] diel patterns by [GCO2] corrections in S3-A, as 

shown in Figure  3-10, implies that a gas transfer velocity (k) greater than 1 cm/h may 

not be reasonable for the [GCO2] corrections.  If a microcosm is sustainable, production 

and consumption must be balanced, which is represented by diel fluctuations of [PCO2].  

Although the loss of diel fluctuations in a [PCO2] time series may be observed in an 

extremely heterotrophic system for several days, the heterotrophy cannot be sustained 

for a long time without significant primary production or external food supplies.  Thus, a 

reasonable k value may be between 0 and 1 cm/h in the laboratory environment.  Then 

the [GCO2] correction will have negligible effects on the patterns of GPP time series or 

MGPP-disturbance relationships of the microcosms. 
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Water motions during the disturbance period might influence MGPP-disturbance 

relationships.  Borges et al. (2004) estimated k values contributed by water current in an 

estuary.  According to their estimation, k was about 4.5 cm/h at water velocity of 

77 cm/s with an average water depth of 11 m in a low wind condition.  In the 

microcosms, the average surface water velocity during disturbance was less than 

5 cm/s at intensity 62.  Although k values may be different among sections under 

distinct water motion intensities during disturbance events, the difference influences 

GPP or ER only during the disturbance period.  In addition, the difference could be 

minor because water motions were applied only 1–2 hours a day in the intensity tests 

and maximum 3 hours a day in the frequency tests.  The surface water motion was 

negligible at intensity 8, which was continuously applied for 105 hours to Sec 1 of the 

microcosms for the frequency test. 

The method to calculate daytime respiration rate (ERd) might have affected the 

accuracy of GPP and ER estimation.  Maloney et al. (2008), in the estimation of stream 

metabolism from the change of dissolved oxygen (DO) concentration, calculated ERd by 

averaging the nighttime respiration rates measured one hour before dawn and one hour 

after dusk.  But the calculation from a short-term change of O2 or CO2 concentration, 

where the number of data is small, may generate inaccurate GPP or ER values if the 

concentration change includes variations from a straight line or smooth curve.  The 

[PCO2] curves obtained from the microcosm tests showed intermittent variations from 

straight lines or smooth curves, although the overall [PCO2] for a 12-hour period 

showed clear patterns of lines or curves in most microcosms.  The occasional deviation 

of [PCO2] from a normal curve seemed to be caused by irregular homogenization of pH 
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in the water column or by discrete metabolic processes over time.  As Beyers (1963a) 

pointed out, the daytime or nighttime [PCO2] change formed a curve, where the 

magnitude of the slope gradually decreased, in certain microcosms.  The 12-hour 

average slope of [PCO2], which could be estimated by averaging tangent lines, may be 

close to the slope between two peak values.  The accuracy of ERi+1,d calculated by 

averaging the two ERn values, ERi,n and ERi+1,n, would be decreased if a nighttime 

respiration rate is significantly different from a daytime respiration rate because the 

calculation of a daytime respiration rate was based on the assumption of linear 

relationship among ERi,n, ERi+1,d, and ERi+1,n.    

The alkalinity levels of microcosms were measured once a week to minimize the 

sampling of water, and their values between two measurement points were estimated 

by linear interpolation.  Although alkalinity levels may not change linearly between two 

measurement points, alkalinity values among the four sections of each microcosm 

showed similar levels and trajectories over time.  Thus, the comparison of the relative 

GPP or ER levels among the sections in a microcosm was not likely to be affected by 

the alkalinity measurement intervals. 

The credibility of MGPP-disturbance relationships could also be affected by several 

problems identified during the experiments.  The disagreement of GPP values among 

the four sections during the initial stabilization period was observed in S3, S4, and S5.  

In S3, the one-day initial stabilization period was too short for the microcosms to 

represent diel fluctuations of [PCO2].  The incomplete diel fluctuations of [PCO2] during 

the initial stabilization period in S3-A and S3-B produced negative GPP and ER values 

on Day 1.  In S5-A and S5-B, the initial errors in pH readings resulted in the 
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disagreement of GPP values among microcosm sections, although the problem was 

fixed during the disturbance period.  The long-term submersion of the pH electrodes in a 

microcosm for 22–46 days sometimes altered the responses of electrodes.  After one 

microcosm set was terminated, pH electrodes were cleaned and stored in a pH 4.01 

standard solution or 4 M KCl solution until the next microcosm test.  But pH readings 

sometimes disagreed with one another during the initial stabilization period of a new 

microcosm even after initial calibrations so that the pH readings were carefully 

monitored and the pH meters were recalibrated whenever necessary. 

The maintenance practice of microcosms hardly affected the test results.  Each 

section of a tank was refilled with 1 L of deionized water to maintain the water level.  

The pH did not deviate from the normal trajectory by refilling because the amount of 

added water was small, compared with the large volume (30 L) of water in each section.  

Even if the pH deviated by the added water, it quickly returned to the normal trajectory 

within several minutes.  Even in the microcosms S3 where alkalinity level was as low as 

0.06 meq, the pH did not deviate from the normal trajectory by the added water.  The 

daily cleaning of the pH electrodes by deionized water also did not affect the pH 

readings.  The pH readings returned to their normal trajectory within a couple of minutes 

after being washed by deionized water in a squeeze bottle.  No maintenance was done 

during ±1 hour at 6 am and 6 pm to minimize the influence of maintenance on the 

calculation of GPP and ER.  The pH meters were calibrated once every week, and pH 

values usually drifted less than 0.05 a week.  The disagreement of pH values before 

and after calibration might have affected GPP values of the day the pH meters were 

calibrated. 
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Self-Organization 

Self-organization was a key concept in the microcosm studies.  The microcosms 

set up by sampled water and sediment sources went through the self-organizing 

processes.  The increase, decrease, or fluctuation of GPP and ER during the initial 

stabilization period in each microcosm may reflect a system’s selection or elimination of 

biotic and abiotic elements as well as fine-tuning of their interactions.  The initial 

increase or decrease of state variables in the steady-state simulation model resembled 

the initial self-organization of the microcosms in that the state variables significantly 

changed until all flows of energy and materials are balanced in the system as a whole.  

The self-organization of microcosms seemed to balance internal production and 

consumption, which was inferred from the GPP/ER patterns.  The GPP/ER patterns 

were not correlated with disturbance regimes, but they were likely to be a function of 

time.  In the microcosms, the GPP/ER generally converged to 1 over time, which 

implied that the systems self-organized to balance the production and consumption for 

sustainability (Table  3-3 and Appendix A).   

The microcosms also seemed to change the internal organization over time so that 

the responses of systems to disturbance regimes were different depending on the time 

of the disturbances since the initial microcosm setup.  Without self-organization, 

external forces would shape the internal structures and processes of the system.  In the 

maturity tests, however, the two replicated microcosms of A and B, applied with the 

same external disturbance regimes but at different times, showed very different results 

in GPP, pulsing patterns, resistance, and resilience.  While different responses of GPP 

and ER between A and B microcosms were clearly observed in S1 and S6, they were 

obscure in S2.  It was conjectured that S2-A and S2-B did not show clear differences in 
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the responses of GPP or ER to disturbances because they already had an optimal 

condition of components and interactions in the given environment during the initial 

setup.  In this regard, ecosystems may self-organize to reduce the gap between the 

current status of a system and the preferred goal in a given environment.   

Effect of Disturbance Intensity 

In disturbance studies, it is uncertain how long the effects of a disturbance last 

during the post-disturbance period in a system.  Because environmental or internal 

factors other than the disturbance influence the structures and processes of the 

ecosystem, it would become obscure whether a certain change of traits in the system is 

caused by the disturbance or another factor unless it is examined in a short period after 

the disturbance.  In the microcosm studies, each microcosm was monitored for 15 days 

after disturbance because not only it was an assumed average turnover time of 

zooplankton, a major high-trophic-level species group in the microcosms, but also it was 

the shortest time to observe the response of one generation of the high-trophic-level 

species. 

In the microcosms, the effect of disturbance on GPP was represented by a 

deviating pattern of GPP of a disturbed system from a reference GPP of an undisturbed 

system continuously from the beginning of the disturbance until the end of the 

post-disturbance period.  Nevertheless, this study showed the MGPP-disturbance 

relationships of the disturbance and post-disturbance periods separately.  The 

separation of periods was useful for analyzing how disturbance effects were different 

between the disturbance and post-disturbance periods.  In most microcosms, the MGPP-

disturbance relationship of the combined period of disturbance and post-disturbance 

was close to that of the 15-day post-disturbance period.  Thus, the MGPP-disturbance 
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relationship of the combined period of disturbance and post-disturbance can be inferred 

from that of the 15-day post-disturbance period.    

From the results of the intensity tests, no common MGPP-intensity relationship was 

discovered (Figure  3-3).  Even in S5-A and S8-A, where the MGPP-intensity relationships 

remained throughout the post-disturbance period, the relationships were U-shaped and 

peaked, respectively.  Except for S3-A, where the maximum MGPP difference was within 

the 0.01 pH error range, the other 10 microcosms showed various MGPP-intensity 

relationships of positive monotonic, negative monotonic, U-shaped, peaked, or non-

significant.  Because the intermediate disturbance hypothesis (IDH) has been 

addressed to explain the relationship between disturbance regimes and ecosystem 

diversity, it may be unreasonable to apply the mechanism of the IDH (the competition-

colonization trade-off) to the MGPP-disturbance relationship.  Nevertheless, the peaked 

relationship in the IDH could be addressed to determine whether intermediate 

disturbance regimes are optimal conditions for the highest level of ecosystem traits, 

such as GPP or ER.  S1-B, S2-A, S4-A, and S5-A never showed a peaked MGPP-

intensity relationship during the disturbance or post-disturbance period.  The IDH cannot 

be completely negated, however, even if it does not explain all MGPP-intensity 

relationships of the microcosms.  It is intriguing that the “peaked” relationships were 

shown only in S6-B and S8-A during the 15-day post-disturbance period but their 

MGPP-intensity relationships were quite reliable even under the [GCO2] corrections and 

potential pH measurement errors.  The various MGPP-intensity relationships among the 

microcosms imply that different mechanisms operate in each microcosm.  As Connell 

(1978) pointed out, it may be more reasonable to regard the IDH not as the only 
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explanation for the disturbance-trait relationships but as one component among several 

mechanisms.  The resultant relationship between an ecosystem trait and disturbance 

regimes may be peaked if the effect of the IDH is dominant in the ecosystem.     

There was no clue that the MGPP-disturbance relationship was affected by the 

experimental duration plan.  For example, S1-A and S6-A showed positive monotonic 

and negative monotonic relationships during the 15-day post-disturbance period, 

respectively, even though they were tested under the same 5-10-15 duration plan.  

Although the insignificance of MGPP[16-30] differences among intensities 0, 28, and 50 in 

S1-A may change the MGPP-intensity relationship, the MGPP-intensity relationship is 

unlikely to be negative monotonic because of the significant difference of MGPP[16-30] at 

intensity 62 from the others.   

MGPP-intensity relationships may differ according to the initial biotic and abiotic 

components of the microcosms.  It seemed that samples collected from the same lake 

but at different times had distinct composition of species and inorganic matters.  For 

example, S2-A and S6-A were constructed with Lake Alice water collected at different 

times.  While S2-A showed U-shaped MGPP-intensity relationship, S6-A showed positive 

monotonic, peaked, or negative monotonic relationships during the post-disturbance 

period in the intensity range of 0–62.  Lake Alice, managed by the University of Florida, 

has shown several algal blooms every year, which the university manages by spraying 

chemicals.  Thus, the microcosms S2-A, S6-A, and S7-A might have had distinct 

combinations of species caused by the management practice or seasonal change. 

It was demonstrated that the MGPP-disturbance relationships were not simply 

formed by internal factors or variation of microcosms other than water motion 
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disturbance.  S6-A and S6-B clearly showed the difference of primary production 

between disturbed and undisturbed sections (Figure  3-4).  In most microcosms, 

however, primary production was not discernible by the naked eye so that it could be 

recognized by analyzing pH and alkalinity data. 

Effect of Disturbance Frequency 

The GPP and ER of S4-B, sampled from Lake Wauberg, declined throughout the 

experimental period.  The continuous decline of the GPP over time may indicate that the 

components of the microcosm, S4-B, had difficulty in adapting to the new environment 

of the laboratory apart from their original habitat.  In S4-B, the MGPP values of the 

discretely disturbed sections were higher than that of the continuously disturbed one 

during the disturbance period, whereas the MGPP of the continuously disturbed section 

was highest during the post-disturbance period.  S4-B did not follow the patterns 

observed in S5-B, S7-B, and S8-B, where MGPP values under discrete disturbances 

were greater than that under continuous one.  But it should be noted that MGPP-

frequency relationship of S4-B may change by 0.02–0.03 pH error.   

In each microcosm pair A and B of S3, S4, S7, and S8, where each microcosm 

pair was established by the same water and sediment source and tested under the 

same duration plan, the MGPP value of Sec 1 of microcosm B (continuously disturbed 

section in the frequency test) were always higher than that of Sec 1 of microcosm A 

(undisturbed section in the intensity test) during the 15-day post-disturbance period.  

This may imply that a low-intensity continuous disturbance increases MGPP, although a 

high-intensity discrete disturbance either increases or decreases the MGPP depending 

on the microcosms and disturbance regimes as discussed in the results of the intensity 
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tests.  The comparison of the two microcosms A and B in S3, S4, S7, and S8 must be 

careful, however, because microcosms A and B were not cross-seeded each other. 

The IDH was not also supported in the frequency tests.  The IDH hypothesized 

that the level of an ecosystem trait is maximized in the middle range of disturbance 

frequency.  In S5-B, S7-B, and S8-B, the MGPP value under discrete disturbances was 

minimal in regime 3, where the disturbance frequency was between those of regimes 2 

and 4, during the post-disturbance period (Figure  3-5).  Even if the middle range of 

frequency regimes, where MGPP is maximized, was out of the frequency range, regimes 

1–3, the MGPP-frequency relationships among the regimes 1, 2, and 3 should have been 

positive monotonic or negative monotonic to support the IDH.  But more importantly, it is 

necessary to precisely define “frequency” in the IDH whether the different frequency 

levels are based on the same disturbance power or on the same disturbance energy.                   

Disturbance and Ecosystem Maturity 

The premise under the maturity tests was that a microcosm develops from 

dispersed individuals to an interconnected whole.  But the development of a freshwater 

aquatic microcosm did not always follow this premise.  While a certain microcosm may 

start from unassociated components and gradually develop the interaction, the other 

may initially have interconnected individuals and lose the connections under the new 

container environment over time.  In S2-A, for example, the GPP/ER deviated from 1 

over time in all sections in contrast to the general tendency of GPP/ER approaching 1 

(Table  3-3).  If S1-A, S2-A, and S6-A are defined as less mature systems, and S1-B, 

S2-B, and S6-B as mature systems, resistance was generally higher in the mature 

systems whereas resilience was higher in the less mature systems in terms of GPP or 
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ER.  But this general pattern of resistance and resilience was not clear in S2-A and 

S2-B (Table  3-7).  

  Recalling the argument by Margalef (1963) that less mature ecosystems are 

easily affected by external forces and that mature counterparts are more affected by 

internal factors, the MGPP-intensity relationships of the post-disturbance periods were 

similar to those of the disturbance periods in the less mature systems, whereas the 

MGPP-intensity relationships of the post-disturbance periods were shaped regardless of 

the patterns during the disturbance periods in the mature systems.  But such a tendency 

was not observed in S2-A and S2-B.  Although mature systems may better resist 

disturbances than less mature counterparts, they may not easily return to a reference 

state once the complex internal networks are destroyed by disturbances. 

The timing of a disturbance was a critical but difficult component of treatments in 

the microcosm tests.  If a disturbance is applied too early after the initial microcosm 

setup, the influence of disturbance on GPP or ER may not be easily observed because 

the system can be highly resilient.  On the contrary, the change of GPP or ER may be 

strongly influenced by a system’s internal factors if the system is disturbed too late.  

Although the appropriate timing of disturbance to observe the clear effects of 

disturbance must be between those extremes, each microcosm sample may have 

distinct timing where the effects of disturbance are clearly shown. 

Disturbance and Pulsing 

The words “pulsing” and “disturbance” are often used interchangeably in 

ecological studies.  The two terms are similar in that they generally describe discrete or 

periodic events exerted on ecosystems.  But “pulsing” seems to have a more 

comprehensive meaning than “disturbance.”  Although disturbance implies any discrete 
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events destroying or modifying all or part of a system configuration, the word “pulsing” is 

used for all kinds of periodic or discrete events regardless of its effects on the system.  

The internal oscillation of population or of GPP is a kind of pulsing.  The repeating 

photoperiod of sunlight is also a kind of pulsing.  Any kind of natural or anthropogenic 

disturbance may be called pulsing. 

It was not simple to calculate λ and PA from the GPPP because the pulsing pattern 

was sometimes obscure.  In some cases, a maximum GPPP was slightly below the zero 

line, while a minimum GPPP was above the zero line.  A temporary deviation of a 

pattern within a large pulsing, which looked like a pulsing, was not counted as an 

internal pulsing.  An incomplete pulsing cycle was not counted as a pulsing unless the λ 

or PA of the incomplete pulsing was greater than that of the other complete pulsing 

patterns. 

The higher λp/λd and PAp/PAd in the disturbed sections than the undisturbed one in 

S1-A, S2-A, S5-A, and S6-A indicated that disturbed microcosms generally amplified 

the wavelengths and peak amplitudes of GPPP and ERP time series more than the 

undisturbed microcosms did when they are disturbed early since the initial setup.  

Several exceptions indicated with the underlines in Table  3-5 were minor.  The amplified 

λ and PA by disturbances, however, do not imply that the λ or PA of disturbed sections 

simply increased from the disturbance period to the post-disturbance period.  In S1-A, 

S2-A, S5-A, and S6-A, the λ and PA of the GPPP time series decreased over time in the 

undisturbed Sec 1, where λp/λd and PAp/PAd were lower than 1.  The λp/λd and PAp/PAd 

of the disturbed Sec 2, 3, and 4 were relatively higher than those of the reference Sec 1, 
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even if the λp/λd and PAp/PAd were less than 1.  Thus, it means that λ and PA were 

amplified under disturbances, compared with their reference trajectories.   

It was not discovered why microcosms amplified λ and PA under disturbances in 

the early stage of the test period.  Because λ and PA were amplified, the product of 

them, λ·PA, was also amplified under disturbances.  It can be conjectured that the 

expedited material recycling by disturbance may increase the total production, which is 

represented by the amplified λ·PA, in the microcosms S1-A, S2-A, S5-A, and S6-A.  But 

this conjecture was incorrect because the disturbance decreased MGPP in S5-A and 

S6-A despite of the amplified λ and PA.  The mechanisms of the internal GPP pulsing 

under disturbance may be more than the material recycling.  Also, it is unknown 

whether the amplified λ and PA are passive changes caused by disturbances or 

whether they are a strategy of a system for survival against the disturbances.  

Possible Mechanisms of Disturbance Effects from Simulation Models 

Although the simulation models were used to find possible mechanisms of the 

patterns discovered in the microcosm tests, it was challenging to embed some features 

of ecosystem development in the models.  In the simulation models employed in this 

study, the configurations of the systems were assumed to be static over time.  In reality, 

an ecosystem or microcosm self-organizes by accommodating, eliminating, or modifying 

components and interactions over time.  The self-organization process is critical to 

understand how a system develops in the temporal or spatial scales.  In this regard, it 

was difficult to represent the maturity tests in the simulation models because first it must 

be determined how self-organization or succession generally develops the system’s 

configuration.  The use of simulation models was limited to the identification of the 
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mechanisms for the MGPP-disturbance relationships discovered from the intensity and 

frequency tests of the microcosms.  

The simulation models suggested some possible mechanisms for generating the 

MGPP-disturbance relationships.  All MGPP-disturbance relationships observed in the 

microcosm studies were represented by the models when the hypothesis on the 

disturbance power and its threshold was applied to the simulation models.  The 

U-shaped, peaked, or non-significant MGPP-disturbance relationship was supported by 

the hypothesis that the effect of disturbance on the reproduction coefficients is 

temporary or permanent depending on the disturbance power (p) and its threshold.  As 

the absolute value of the ±p·fd increased, a time series of GPP tended to be more 

distant from the reference GPP line during the post-disturbance period regardless of the 

threshold of p.  Thus, if there is no threshold of p determining the temporary or 

permanent coefficient change, the MGPP-disturbance relationship will be positive or 

negative monotonic in the result of simulation model.  Although the MGPP-disturbance 

relationships of the post-disturbance period resulting from the microcosms were easily 

generated by varying sign combinations of ±p·fd for k2-k3 and k4-k5 in the simulation 

models, the p threshold, ±p·fd sign, and fd-5 had to be narrowed to satisfy the 

MGPP-disturbance relationships for both the disturbance and post-disturbance periods at 

the same time. 

In the simulation models, p and fd were important disturbance parameters forming 

the distinct MGPP-disturbance relationships.  While the power level (p) represented the 

intensity of a disturbance, the disturbance factor (fd) indicated how vulnerable an 

ecosystem is under disturbances.  The combination of p and fd showed the reality of 
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disturbance in nature where the results of disturbance events are determined by 

interactions between the disturbances and biotic components of the ecosystem.  The 

various sign combinations of ±p·fd were critical in the models to represent the effects of 

disturbance on specific energy pathways, contrary to the previous studies on the effects 

of disturbance (e.g., Kondoh, 2001; Odum and Odum, 2000, p.241; Roxburgh et al., 

2004), where disturbances had only destructive effects on the structures and processes 

of an ecosystem. 

There were several discrepancies between the results of microcosms and 

simulation models.  In the model of the microcosm S1-B (B of Figure  3-17), GPP was 

maximum at power level 3 during the disturbance period and the model could not 

represent the positive monotonic relationship shown in the microcosm.  But it is possible 

that intensity 62 of the microcosm S1-B is lower than power level 4 of the simulation 

model so that the MGPP-intensity relationship may be peaked during the disturbance 

period with a maximum MGPP at intensity 62.  The model of the microcosm S2-A (C of 

Figure  3-17) did not have the lowest MGPP value at power level 4 during the post-

disturbance period, whereas the microcosm result had the lowest value at intensity 113.  

This might be caused by the shortage of intensity levels in the simulation model.  If the 

simulation model had higher power levels, lower MGPP values would be observed during 

the post-disturbance period.  The model of the microcosm S6-B (I of Figure  3-17) did 

not show the peaked MGPP-intensity relationship of the microcosm because of the lower 

MGPP at power level 3 than that at power level 4.  The MGPP-intensity relationships, 

however, will be the same between the model and the microcosm if intensity 62 of the 

microcosm is equivalent to power level 3 of the simulation model.  
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The simulation models for MGPP-disturbance relationships of the microcosms could 

be improved by adding more details to the hypotheses.  The assumption of the 

simulation models that the power threshold remains throughout the experimental period 

may be unrealistic in certain microcosms.  If repeating disturbances alter the 

reproduction or death rates of a microcosm by structural change, they may influence the 

system’s power threshold on the edge of which the response of the microcosm to the 

disturbances dramatically changes during the experimental period, as argued by 

Scheffer et al. (2001) in the alternative stable state hypothesis.  Thus, a new 

assumption or hypothesis needs to be established to apply the dynamic power 

threshold in the models.  The dynamic power threshold may generate more diverse and 

concrete MGPP-disturbance relationships depending on the timing of the threshold 

change.   

In the simulation models, GPP changed by less than 0.001 mM-C/day, which is 1 

or 2 orders of magnitude less than the microcosm results.  Because the simulation 

models were built based on one steady-state microcosm, they could not represent the 

same GPP levels observed in the microcosm tests.  Instead, the simulation models 

were intended to generate and represent the general patterns observed in the 

microcosms.  To match the GPP values as well as those of other state variables, 

different parameters of the models should be used. 

Trade-Offs in the Study 

The results of scientific studies are confirmed by repeated experiments.  On the 

one hand, the repetition implies the replication of a sample by which the significance of 

treatment effects in the sample is evaluated in a statistical method.  Thus, the 

replication of the sample and its statistical analysis distinguish the treatment effects 
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from any undetectable instrumental or experimental error.  On the other hand, the 

repetition implies multiple experiments under the same treatment sequence but different 

samples with distinct initial conditions.  The multiple experiments expand the range of 

possible results from various initial conditions.  In this regard, both replication and 

multiple experiments are critical to increase the credibility of the experimental results 

and they minimize a bias occurring from the observation of a single case.  The 

availability of a scientific investigation, however, is constrained by the trade-offs 

between temporal, spatial, and economic aspects.  For example, if the size of a 

microcosm increases, it can accommodate higher-trophic-level species, which 

eventually make the microcosm resemble a real ecosystem.  But it requires more space 

and eventually decreases the available number of replicates.  Although increasing the 

number of replicates increases the credibility of experimental results, replication 

increases economic burden and management load. 

In this study, multiple experiments were employed at the expense of replication 

under the constraints of time, space, and money.  The eight microcosm sets, where 

each set was composed of two microcosms, were sampled from different lakes at 

different times.  Considering that the major role of a microcosm is to generate 

hypotheses that can be further tested in the field, the multiple experiments without 

replication quickly provide new hypotheses on the problem under investigation or test 

research questions as a preliminary study.  In this study, significance of the results was 

discussed using the possible instrumental error ranges and uncertainty analyses of 

parameters to complement the absence of replication.  The multiple experiments from 

different samples were critical in this study because each microcosm represented the 
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distinct MGPP-disturbance relationship.  If only one or two samples had been studied, the 

conclusion might have been much different: supporting either the IDH or one specific 

MGPP-disturbance relationship.  Only lakes were selected as sampling sites for the 

microcosms because one type of disturbance may have different effects on different 

ecosystem types with distinct mechanisms. 

One challenge in any disturbance study is that it is hard to examine the responses 

of an ecosystem under an extensive range of disturbance regimes.  Although it is 

possible to apply many disturbance regimes in the microcosm experiments, they are 

bound by the constraints of space, time, and money.  If more sections in the microcosm 

tank were employed, the resultant MGPP-intensity relationships in the intensity tests of 

the microcosms might have been further supported or rejected.  In all microcosms 

except for S2-A and S2-B, the maximum intensity of disturbance was 62.  Because the 

MGPP values are unknown regarding the intensities above 62 or the intensities in-

between the tested levels, the MGPP-intensity relationships must be carefully interpreted.     

Future Work 

The results of this study suggested possible research topics to be further studied 

using microcosms or simulation models, and provided hypotheses that could be tested 

in the field.  The suggested topics are as follows: 

 As prevalent in nature, the combined disturbance types occurring at the same time 
or in a sequence may distinctly influence the ecosystem processes, compared with 
the effects of one disturbance type.  For example, the two disturbance types of 
nutrient and water motion may show distinct MGPP-disturbance relationships 
depending on the timings and their regimes.  A factorial experiment would be 
employed to test the effects of the combined disturbances with various 
combinations of timings and regimes of the disturbances.  The experiment could 
be done by making more sections in a microcosm tank.  Simulation models could 
provide possible mechanisms of resultant MGPP-disturbance relationships based 
on a hypothesis on the mechanisms of distinct effects of each disturbance type.  A 
dynamic power threshold would be included in the simulation models. 
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 Disturbance events in nature do not occur regularly like the microcosm tests.  The 

effects of the randomly generated disturbances on GPP or ER could be studied 
using the same aquatic microcosm systems.  The pumps generating water motion 
disturbances could be controlled to operate with random intensities, frequencies, 
and durations.  In the experiments, the randomly generated disturbance regimes 
could be analyzed using indices such as total energy, average power, average 
frequency, variation of power or frequency, and so on. 

 
 This study proposed energetic mechanisms of disturbance effects using simulation 

models.  Modifying the details of models and disturbance factors would improve 
the results and suggest virtual disturbance models for ecosystems.  First, adding 
compartments of higher-trophic-level species would make the models more 
realistic.  Second, parameters for the dynamic power threshold could be estimated 
from resistance and resilience data of the ecosystems and included in the models.  
Third, the change of efficiencies or configurations of energy flow pathways could 
be diversified.  For example, the efficiencies of energy flow pathways may change 
in other pathways such as microbial decompositions.  The configuration of the 
energy flow pathways would change under disturbance depending on the power 
level.  For example, disturbances may prompt a quadratic drain of biomass from 
the producers or consumers.  

 
 Simulation models may be useful to understand the mechanisms of internal GPP 

or ER pulsing.  Feedback controls would be included in the models to generate the 
oscillating patterns of GPP.  Once a model generating internal GPP pulsing is 
established, disturbance factors would be included.  Parameters or pathway 
configurations would be varied to discover possible mechanisms of the amplified 
pulsing wavelength and amplitude under disturbance. 

 
 The results of the microcosms and simulation models suggested that the 

relationship between MGPP and disturbance regime can vary depending on 
disturbance regimes and the responses of an ecosystem to the regimes.  This 
result could be tested in the field.  For example, change of nutrient concentration 
and its timing by irregular nutrient inflows are detectable disturbance regimes.  
Because disturbances occur sequentially in the field, BACI (Before-After/Control-
Impact) design (e.g., Conquest, 2000; Montefalcone et al., 2008) should be used.  
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5APPENDIX A   
GPP, MGPP, AND GPP/ER OF MICROCOSMS 
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Figure A-1. Time series of S1-A.  A) GPP.  B) MGPP[6-t].  C) MGPP[16-t].  D) GPP/ER. 
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Figure A-2. Time series of S1-B.  A) GPP.  B) MGPP[21-t].  C) MGPP[31-t].  D) GPP/ER. 
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Figure A-3. Time series of S2-A.  A) GPP.  B) MGPP[6-t].  C) MGPP[16-t].  D) GPP/ER. 
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Figure A-4. Time series of S2-B.  A) GPP.  B) MGPP[21-t].  C) MGPP[31-t].  D) GPP/ER. 
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Figure A-5. Time series of S3-A.  A) GPP.  B) MGPP[2-t].  C) MGPP[7-t].  D) GPP/ER. 
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Figure A-6. Time series of S3-B.  A) GPP.  B) MGPP[2-t].  C) MGPP[7-t].  D) GPP/ER. 
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Figure A-7. Time series of S4-A.  A) GPP.  B) MGPP[2-t].  C) MGPP[7-t].  D) GPP/ER. 
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Figure A-8. Time series of S4-B.  A) GPP.  B) MGPP[2-t].  C) MGPP[7-t].  D) GPP/ER. 
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Figure A-9. Time series of S5-A.  A) GPP.  B) MGPP[6-t].  C) MGPP[16-t].  D) GPP/ER. 
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Figure A-10. Time series of S5-B.  A) GPP.  B) MGPP[6-t].  C) MGPP[11-t].  D) GPP/ER. 
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Figure A-11. Time series of S6-A.  A) GPP.  B) MGPP[6-t].  C) MGPP[16-t].  D) GPP/ER. 
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Figure A-12. Time series of S6-B.  A) GPP.  B) MGPP[21-t].  C) MGPP[31-t].  D) GPP/ER. 
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Figure A-13. Time series of S7-A.  A) GPP.  B) MGPP[6-t].  C) MGPP[11-t].  D) GPP/ER. 
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Figure A-14. Time series of S7-B.  A) GPP.  B) MGPP[6-t].  C) MGPP[11-t].  D) GPP/ER. 
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Figure A-15. Time series of S8-A.  A) GPP.  B) MGPP[6-t].  C) MGPP[11-t].  D) GPP/ER. 
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Figure A-16. Time series of S8-B.  A) GPP.  B) MGPP[6-t].  C) MGPP[11-t].  D) GPP/ER. 
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6APPENDIX B   
R CODES FOR SIMULATION MODELS 

Table B-1. R code for a basic steady-state model of a microcosm 
Basic steady-state model 
DT=1 
k=c(0.0325,2.00E-4,6.01E-5,3.21E-6,1.93E-6,3.47E-4,9.26E-5,3.47E-4,3.47E-4,0.025,0.025) 
tseq=seq(0,14500,by=DT)           #DT=1 --> 5-min interval 
t=c(0)                                            #5-min interval 
t1=c()                                            #1-day interval 
GPPa=c()                                     #average GPP for each day 
TN=16 
R=c(4.5) 
GPP=c(0) 
Pro=c(72) 
Con=c(270) 
ProD=c(72) 
ConD=c(72) 
Nut=c(3.85)                  
  for(i in c(1:(length(tseq)-1))) { 
    t[i+1]=i/288*DT                          #t[1]=time zero 
    if((i%%(288/DT))>=1&&(i%%(288/DT))<=(144/DT)) {L=0} else {L=45}         #light energy    
    DPro=(k[2]-k[3])*Nut[i]*Pro[i]*R[i]-k[4]*Pro[i]*Con[i]-k[6]*Pro[i] 
    DCon=(k[4]-k[5])*Pro[i]*Con[i]-k[7]*Con[i] 
    DProD=k[6]*Pro[i]-k[8]*ProD[i] 
    DConD=k[7]*Con[i]-k[9]*ConD[i] 
    Pro[i+1]=Pro[i]+DPro*DT                        
    Con[i+1]=Con[i]+DCon*DT                                               
    ProD[i+1]=ProD[i]+DProD*DT 
    ConD[i+1]=ConD[i]+DConD*DT 
    Nut[i+1]=TN-k[10]*(Pro[i+1]+ProD[i+1])-k[11]*(Con[i+1]+ConD[i+1]) 
    R[i+1]=L/(k[1]*Nut[i+1]*Pro[i+1]+1) 
    GPP[i+1]=k[2]*Nut[i+1]*Pro[i+1]*R[i+1] 
  } 
  for (j in c(1:50)) { 
  t1[j]=j 
  GPPa[j]=mean(GPP[(146+(j-1)*288):(289+(j-1)*288)])/2.5    #2.5-->unit from mg-C/5-min to mM-C/day 
  } 
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Table B-2. R code for disturbance intensity tests 
Intensity test 
DT=1 
k=c(0.0325,2.00E-4,6.01E-5,3.21E-6,1.93E-6,3.47E-4,9.26E-5,3.47E-4,3.47E-4,0.025,0.025)  
tseq=seq(0,14500,by=DT)            
linecolor=c("green","orange","blue","red") 
pointch=c(1,16,17,15) 
t=c(0) 
t1=c() 
GPPa=c() 
MGPP_d=c()                                                                 #MGPP during the full disturbance period 
MGPP_p=c()                                                                 #MGPP during the full post-disturbance period 
TN=16 
R=c(4.5) 
GPP=c(0) 
Pro=c(72) 
Con=c(270) 
ProD=c(72) 
ConD=c(72) 
Nut=c(3.85)                  
fd=c(0)                                                                           #disturbance factor (fd) 
dis1=20                                                                          #beginning of disturbance(day) 
dis2=30                                                                          #end of disturbance(day) 
thre=3                                                                            #p threshold 
m=0.3                                                                            #fd-5 for a p below the threshold 
n=0.0005                                                                       #fd-5 for a p above the threshold 
for(p in c(0:4)){                                                              #p: power 
  for(i in c(1:(length(tseq)-1))) { 
    t[i+1]=i/288*DT                                                          #t[1]=time zero 
    if((i%%(288/DT))>=1&&(i%%(288/DT))<=(144/DT)) {L=0} else {L=45}     
    if(p<thre) 
      {sign_a=1                                                                #sign for fd of (k2-k3): -1, 0, or 1 
       sign_b=1}                                                              #sign for fd of (k4-k5): -1, 0, or 1 
    else 
      {sign_a=1 
       sign_b=1} 
    if(p<thre) 
        {if(t[i+1]>=dis1&&t[i+1]<dis2&&i%%(288/DT)>=205&&i%%(288/DT)<217) #disturbance period & 
11am-12pm 
          {fd[i+1]=m}  
        else {fd[i+1]=0}}  
    else 
        {if(t[i+1]>=dis1&&t[i+1]<dis2&&i%%(288/DT)>=205&&i%%(288/DT)<217)  
          {fd[i+1]=fd[i]+n} 
        else {fd[i+1]=fd[i]}} 
    DPro=(1+sign_a*p*fd[i+1])*(k[2]-k[3])*Nut[i]*Pro[i]*R[i]-(1+sign_b*p*fd[i+1])*k[4]*Pro[i]*Con[i] 
-(1+p*fd[i+1])*k[6]*Pro[i] 
    DCon=(1+sign_b*p*fd[i+1])*(k[4]-k[5])*Pro[i]*Con[i]-(1+p*fd[i+1])*k[7]*Con[i] 
    DProD=(1+p*fd[i+1])*k[6]*Pro[i]-k[8]*ProD[i] 
    DConD=(1+p*fd[i+1])*k[7]*Con[i]-k[9]*ConD[i] 
    Pro[i+1]=Pro[i]+DPro*DT                        
    Con[i+1]=Con[i]+DCon*DT                                               
    ProD[i+1]=ProD[i]+DProD*DT 
    ConD[i+1]=ConD[i]+DConD*DT 
    Nut[i+1]=TN-k[10]*(Pro[i+1]+ProD[i+1])-k[11]*(Con[i+1]+ConD[i+1]) 
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Table B-2. Continued 
    R[i+1]=L/(k[1]*Nut[i+1]*Pro[i+1]+1) 
    GPP[i+1]=k[2]*Nut[i+1]*Pro[i+1]*R[i+1] 
  } 
  for (j in c(1:50)) { 
  t1[j]=j 
  GPPa[j]=mean(GPP[(146+(j-1)*288):(289+(j-1)*288)])/2.5 
  } 
  MGPP_d[p+1]=mean(GPPa[(dis1):(dis2-1)]) 
  MGPP_p[p+1]=mean(GPPa[(dis2):(dis2+14)]) 
  if(p==0)  
    {plot(t1,GPPa,type="o",xlab="Time (Day)",ylab="GPP (mM-C/day)",xlim=c(0,50))} 
  else 
    {lines(t1,GPPa,type="o",pch=pointch[p],col=linecolor[p])} 
} 
#graph of MGPP pattern 
p=c(0,1,2,3,4) 
x11() 
plot(p,MGPP_d,type="o",lty=2) 
lines(p,MGPP_p,type="o") 
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Table B-3. R code for disturbance frequency tests 
Frequency test 
DT=1 
k=c(0.0325,2.00E-4,6.01E-5,3.21E-6,1.93E-6,3.47E-4,9.26E-5,3.47E-4,3.47E-4,0.025,0.025)    
tseq=seq(0,14500,by=DT)            
linecolor=c("black","orange","blue","red") 
pointch=c(21,16,17,15) 
t=c(0) 
t1=c() 
GPPa=c() 
MGPP_d=c() 
MGPP_p=c() 
TN=16 
R=c(4.5) 
GPP=c(0) 
Pro=c(72) 
Con=c(270) 
ProD=c(72) 
ConD=c(72) 
Nut=c(3.85)                  
fd=c(0)             
dis1=20 
dis2=25 
m=0.3 
n=0.0005 
for(r in c(0:4)){ 
  if(r==0) {p=0}                                                      #Reference(undisturbed) system 
  else if(r==1) {p=1}                                              #regime 1 
  else {p=7}                                                           #regime 2~4 
  for(i in c(1:(length(tseq)-1))) { 
    t[i+1]=i/288*DT                        
    if(r<=1)                                                             #below p threshold 
      {sign_a=1 
       sign_b=1} 
    else                                                                  #above p threshold 
      {sign_a=1 
       sign_b=1} 
    if((i%%(288/DT))>=1&&(i%%(288/DT))<=(144/DT)) {L=0} else {L=45}    
    if(r==0) 
      {fd[i+1]=0} 
    else if(r==1)                                                    #frequency regime 1 
      {if(t[i+1]>=dis1&&t[i+1]<dis2)                        #disturbance period 
        {fd[i+1]=m}                                    
       else 
        {fd[i+1]=0}}       
    else if(r==2)                                                   #frequency regime 2 
      {if(t[i+1]>=dis1&&t[i+1]<dis2&&i%%(48/DT)>=1&&i%%(48/DT)<6) 
        {fd[i+1]=fd[i]+n} 
      else 
        {fd[i+1]=fd[i]}}       
    else if(r==3)                                                   #frequency regime 3 
      {if(t[i+1]>=dis1&&t[i+1]<dis2&&i%%(96/DT)>=1&&i%%(96/DT)<12) 
        {fd[i+1]=fd[i]+n} 
      else 
        {fd[i+1]=fd[i]}}     
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Table B-3. Continued 
    else                                                              #frequency regime 4 
      {if(t[i+1]>=dis1&&t[i+1]<dis2&&i%%(288/DT)>=192&&i%%(288/DT)<228) 
        {fd[i+1]=fd[i]+n} 
      else 
        {fd[i+1]=fd[i]}}      
    DPro=(1+sign_a*p*fd[i+1])*(k[2]-k[3])*Nut[i]*Pro[i]*R[i]-(1+sign_b*p*fd[i+1])*k[4]*Pro[i]*Con[i] 
-(1+p*fd[i+1])*k[6]*Pro[i] 
    DCon=(1+sign_b*p*fd[i+1])*(k[4]-k[5])*Pro[i]*Con[i]-(1+p*fd[i+1])*k[7]*Con[i] 
    DProD=(1+p*fd[i+1])*k[6]*Pro[i]-k[8]*ProD[i] 
    DConD=(1+p*fd[i+1])*k[7]*Con[i]-k[9]*ConD[i] 
    Pro[i+1]=Pro[i]+DPro*DT                        
    Con[i+1]=Con[i]+DCon*DT                                               
    ProD[i+1]=ProD[i]+DProD*DT 
    ConD[i+1]=ConD[i]+DConD*DT 
    Nut[i+1]=TN-k[10]*(Pro[i+1]+ProD[i+1])-k[11]*(Con[i+1]+ConD[i+1]) 
    R[i+1]=L/(k[1]*Nut[i+1]*Pro[i+1]+1) 
    GPP[i+1]=k[2]*Nut[i+1]*Pro[i+1]*R[i+1] 
  } 
  for (j in c(1:50)) { 
  t1[j]=j 
  GPPa[j]=mean(GPP[(146+(j-1)*288):(289+(j-1)*288)])/2.5  
  } 
  MGPP_d[r+1]=mean(GPPa[(dis1):(dis2-1)]) 
  MGPP_p[r+1]=mean(GPPa[(dis2):(dis2+14)]) 
  if(r==0)  
    {plot(t1,GPPa,type="l",col="grey",xlab="Time (Day)",ylab="GPP (mM-C/day)",xlim=c(0,50)}    
    else 
    {lines(t1,GPPa,type="o",pch=pointch[r],col=linecolor[r])} 
} 
#graph of MGPP pattern 
r=c(0,1,2,3,4) 
x11() 
plot(r,MGPP_d,type="o",lty=2) 
lines(r,MGPP_p,type="o") 

 



 

170 

LIST OF REFERENCES 

Albert, R., Barabási, A., 2002. Statistical mechanics of complex networks. Reviews of 
Modern Physics. 74, 47–97.  

Armesto, J.J., Pickett, S.T.A., 1985. Experiments on disturbance in old-field plant 
communities: Impact on species richness and abundance. Ecology. 66, 230–240.  

Ashby, W.R., 1962. Principles of the self-organizing system. In: Foerster, H.V. and Zopf, 
G.W. (eds.), Principles of Self-Organization: Transactions of the University of Illinois 
Symposium. Pergamon Press, London, UK, pp. 255–278.  

Aumann, C.A., 2007. A methodology for developing simulation models of complex 
systems. Ecological Modelling. 202, 385–396.  

Bade, D.L., Cole, J.J., 2006. Impact of chemically enhanced diffusion on dissolved 
inorganic carbon stable isotopes in a fertilized lake. Journal of Geophysical Research. 
111, C01014.  

Barabási, A., Bonabeau, E., 2003. Scale-free networks. Scientific American. 288, 50–59.  

Benton, T.G., Solan, M., Travis, J.M.J., Sait, S.M., 2007. Microcosm experiments can 
inform global ecological problems. Trends in Ecology and Evolution. 22, 516–521.  

Beyers, R.J., 1962. Relationship between temperature and the metabolism of 
experimental ecosystems. Science. 136, 980–982.  

Beyers, R.J., 1963a. Balanced aquatic microcosms: Their implications for space travel. 
The American Biology Teacher. 25, 422–429.  

Beyers, R.J., 1963b. The metabolism of twelve aquatic laboratory microecosystems. 
Ecological Monographs. 33, 281–306.  

Beyers, R.J., Gillespie, B., 1964. Measuring the carbon dioxide metabolism of aquatic 
organisms. The American Biology Teacher. 26, 499–510.  

Beyers, R.J., Odum, H.T., 1993. Ecological Microcosms. Springer-Verlag, New York, 
NY.  

Boerner, R.E.J., 1982. Fire and nutrient cycling in temperate ecosystems. BioScience. 
32, 187–192.  

Boersma, M., 2000. The nutritional quality of P-limited algae for Daphnia. Limnology 
and Oceanography. 45, 1157–1161.  



 

171 

Bond-Lamberty, B., Peckham, S.D., Ahl, D.E., Gower, S.T., 2007. Fire as the dominant 
driver of central canadian boreal forest carbon balance. Nature. 450, 89–93.  

Bongers, F., Poorter, L., Hawthorne, W.D., Sheil, D., 2009. The intermediate 
disturbance hypothesis applies to tropical forests, but disturbance contributes little to 
tree diversity. Ecology Letters. 12, 798–805.  

Borges, A.V., Vanderborght, J., Schiettecatte, L., Gazeau, F., Ferron-Smith, S., Delille, 
B., Frankignoulle, M., 2004. Variability of the gas transfer velocity of CO2 in a macrotidal 
estuary (the Scheldt). Estuaries. 27, 593–603.  

Bornette, G., Amoros, C., 1996. Disturbance regimes and vegetation dynamics: Role of 
floods in riverine wetlands. Journal of Vegetation Science. 7, 615–622.  

Brown, M.T., 2004. A picture is worth a thousand words: Energy systems language and 
simulation. Ecological Modelling. 178, 83–100.  

Cai, T.T., Montague, C.L., Davis, J.S., 2006. The maximum power principle: An 
empirical investigation. Ecological Modelling. 190, 317–335.  

Cai, T.T., Olsen, T.W., Campbell, D.E., 2004. Maximum (em)power: A foundational 
principle linking man and nature. Ecological Modelling. 178, 115–119.  

Campbell, D.E., 1984. Energy Filter Properties of Ecosystems. Ph.D. Dissertation, 
University of Florida, Gainesville, FL, USA.  

Cardinale, B.J., Palmer, M.A., Ives, A.R., Brooks, S.S., 2005. Diversity-productivity 
relationships in streams vary as a function of the natural disturbance regime. Ecology. 
86, 716–726.  

Carpenter, S.R., 1996. Microcosm experiments have limited relevance for community 
and ecosystem ecology. Ecology. 77, 677–680.  

Chapin, F.S., Woodwell, G.M., Randerson, J.T., Rastetter, E.B., Lovett, G.M., Baldocchi, 
D.D., Clark, D.A., Harmon, M.E., Schimel, D.S., Valentini, R., Wirth, C., Aber, J.D., Cole, 
J.J., Goulden, M.L., Harden, J.W., Heimann, M., Howarth, R.W., Matson, P.A., McGuire, 
A.D., Melillo, J.M., Mooney, H.A., Neff, J.C., Houghton, R.A., Pace, M.L., Ryan, M.G., 
Running, S.W., Sala, O.E., Schlesinger, W.H., Schulze, E.D., 2006. Reconciling carbon-
cycle concepts, terminology, and methods. Ecosystems. 9, 1041–1050.  

Charters, A.C., Neushul, M., Coon, D., 1973. The effect of water motion on algal spore 
adhesion. Limnology and Oceanography. 18, 884–896.  

Chase, J.M., Leibold, M.A., 2002. Spatial scale dictates the productivity-biodiversity 
relationship. Nature. 416, 427–430.  



 

172 

Chesson, P., Huntly, N., 1997. The roles of harsh and fluctuating conditions in the 
dynamics of ecological communities. The American Naturalist. 150, 519–553.  

Clarke, R.D., Buskey, E.J., Marsden, K.C., 2005. Effects of water motion and prey 
behavior on zooplankton capture by two coral reef fishes. Marine Biology. 146, 1145–
1155.  

Cole, J.J., Caraco, N.F., 1998. Atmospheric exchange of carbon dioxide in a low-wind 
oligotrophic lake measured by the addition of SF6. Limnology and Oceanography. 43, 
647–656.  

Connell, J.H., 1978. Diversity in tropical rain forests and coral reefs: High diversity of 
trees and corals is maintained only in a nonequilibrium state. Science. 199, 1302–1310.  

Connell, J.H., Slatyer, R.O., 1977. Mechanisms of succession in natural communities 
and their role in community stability and organization. The American Naturalist. 111, 
1119–1144.  

Conquest, L.L., 2000. Analysis and interpretation of ecological field data using BACI 
designs: Discussion. Journal of Agricultural, Biological, and Environmental Statistics. 5, 
293–296.  

Cooper, D.C., Copeland, B.J., 1973. Responses of continuous-series estuarine 
microecosystems to point-source input variations. Ecological Monograph. 43, 213–236.  

Copeland, B.J., Dorris, T.C., 1964. Community metabolism in ecosystems receiving oil 
refinery effluents. Limnology and Oceanography. 9, 431–447.  

Copeland, B.J., Duffer, W.R., 1964. Use of a clear plastic dome to measure gaseous 
diffusion rates in natural waters. Limnology and Oceanography. 9, 494–499.  

Corenblit, D., Gurnell, A.M., Steiger, J., Tabacchi, E., 2008. Reciprocal adjustments 
between landforms and living organisms: Extended geomorphic evolutionary insights. 
CATENA. 73, 261–273.  

Crusius, J., Wanninkhof, R., 2003. Gas transfer velocities measured at low wind speed 
over a lake. Limnology and Oceanography. 48, 1010–1017.  

Denslow, J.S., 1980. Patterns of plant species diversity during succession under 
different disturbance regimes. Oecologia. 46, 18–21.  

Dodds, W.K., 1989. Photosynthesis of two morphologies of Nostoc parmelioides 
(cyanobacteria) as related to current velocities and diffusion patterns. Journal of 
Phycology. 25, 258–262.  



 

173 

Dodson, S.I., Arnott, S.E., Cottingham, K.L., 2000. The relationship in lake communities 
between primary productivity and species richness. Ecology. 81, 2662–2679.  

Eisenbies, M.H., Burger, J.A., Aust, W.M., Patterson, S.C., 2005. Soil physical 
disturbance and logging residue effects on changes in soil productivity in five-year-old 
pine plantations. Soil Science Society of America Journal. 69, 1833–1843.  

Ferens, M.C., Beyers, R.J., 1972. Studies of a simple laboratory microecosystem: 
Effects of stress. Ecology. 53, 709–713.  

Flöder, S., Sommer, U., 1999. Diversity in planktonic communities: An experimental test 
of the intermediate disturbance hypothesis. Limnology and Oceanography. 44, 1114–
1119.  

Florida LAKEWATCH, 2005. Florida LAKEWATCH Annual Data Summaries 2004. 
Department of Fisheries and Aquatic Sciences, University of Florida/Institute of Food 
and Agricultural Sciences Library, Gainesville, FL.  

Fraser, L.H., Keddy, P., 1997. The role of experimental microcosms in ecological 
research. Trends in Ecology and Evolution. 12, 478–481.  

Fukami, T., Morin, P.J., 2003. Productivity-biodiversity relationships depend on the 
history of community assembly. Nature. 424, 423–426.  

Gagnon, P., Wagner, G., Himmelman, J.H., 2003. Use of a wave tank to study the 
effects of water motion and algal movement on the displacement of the sea star 
Asterias vulgaris towards its prey. Marine Ecology Progress Series. 258, 125–132.  

Gates, R.D., Baghdasarian, G., Muscatine, L., 1992. Temperature stress causes host 
cell detachment in symbiotic Cnidarians: Implications for coral bleaching. Biological 
Bulletin. 182, 324–332.  

Geider, R.J., Osborne, B., 1992. Algal Photosynthesis: The Measurement of Algal Gas 
Exchange. Chapman and Hall, New York, NY, pp. 11–14.  

George, D.G., Edwards, R.W., 1973. Daphnia distribution within langmuir circulations. 
Limnology and Oceanography. 18, 798–800.  

Gordon, R., Brawley, S.H., 2004. Effects of water motion on propagule release from 
algae with complex life histories. Marine Biology. 145, 21–29.  

Grime, J.P., 1973. Competitive exclusion in herbaceous vegetation. Nature. 242, 344–
347.  

Grumbine, R.E., 1994. What is ecosystem management? Convervation Biology. 8, 27–
38.  



 

174 

Haddad, N.M., Holyoak, M., Mata, T.M., Davies, K.F., Melbourne, B.A., Preston, K., 
2008. Species' traits predict the effects of disturbance and productivity on diversity. 
Ecology Letters. 11, 348–356.  

Hall, D.J., 1964. An experimental approach to the dynamics of a natural population of 
Daphnia galeata mendotae. Ecology. 45, 94–112.  

Halpern, C.B., 1988. Early successional pathways and the resistance and resilience of 
forest communities. Ecology. 69, 1703–1715.  

Heath, R.T., 1979. Holistic study of an aquatic microcosm: Theoretical and practical 
implications. International Journal of Environmental Studies. 13, 87–93.  

Heffernan, J.B., Cohen, M.J., 2010. Direct and indirect coupling of primary production 
and diel nitrate dynamics in a subtropical spring-fed river. Limnology and Oceanography. 
55, 677–688.  

Hooper, D.U., Chapin, F.S., Ewel, J.J., Hector, A., Inchausti, P., Lavorel, S., Lawton, 
J.H., Lodge, D.M., Loreau, M., Naeem, S., Schmid, B., Setälä, H., Symstad, A.J., 
Vandermeer, J., Wardle, D.A., 2005. Effects of biodiversity on ecosystem functioning: A 
consensus of current knowledge. Ecological Monographs. 75, 3–35.  

Houser, J.N., Mulholland, P.J., Maloney, K.O., 2005. Catchment disturbance and 
stream metabolism: Patterns in ecosystem respiration and gross primary production 
along a gradient of upland soil and vegetation disturbance. Journal of the North 
American Benthological Society. 24, 538–552.  

Hurd, C.L., 2000. Water motion, marine macroalgal physiology, and production. Journal 
of Phycology. 36, 453–472.  

Hutchinson, G.E., 1957. Concluding remarks. Cold Spring Harbor Symposia on 
Quantitative Biology. 22, 415–427.  

Jenkins, B., Kitching, R.L., Pimm, S.L., 1992. Productivity, disturbance and food web 
structure at a local spatial scale in experimental container habitats. Oikos. 65, 249–255.  

Jiang, L., Patel, S.N., 2008. Community assembly in the presence of disturbance: A 
microcosm experiment. Ecology. 89, 1931–1940.  

Kang, D.S., 1998. Pulsing and Self-Organization. Ph.D. Dissertation, University of 
Florida, Gainesville, FL, USA.  

Kassen, R., Buckling, A., Bell, G., Rainey, P.B., 2000. Diversity peaks at intermediate 
productivity in a laboratory microcosm. Nature. 406, 508–512.  



 

175 

Kazanci, C., 2007. EcoNet: A new software for ecological modeling, simulation and 
network analysis. Ecological Modelling. 208, 3–8.  

Kemp, W.M., Mitsch, W.J., 1979. Turbulence and phytoplankton diversity: A general 
model of the "paradox of plankton". Ecological Modelling. 7, 201–222.  

Kimmins, J.P., 1996. Importance of soil and role of ecosystem disturbance for sustained 
productivity of cool temperate and boreal forests. Soil Science Society of America 
Journal. 60, 1643–1654.  

Komjarova, I., Blust, R., 2009. Effect of Na, Ca and pH on simultaneous uptake of Cd, 
Cu, Ni, Pb, and Zn in the water flea Daphnia magna measured using stable isotopes. 
Aquatic Toxicology. 94, 81–86.  

Kondoh, M., 2001. Unifying the relationships of species richness to productivity and 
disturbance. Proceedings of the Royal Society of London. 268, 269–271.  

Larsson, S., Wirén, A., Lundgren, L., Ericsson, T., 1986. Effects of light and nutrient 
stress on leaf phenolic chemistry in Salix dasyclados and susceptibility to Galerucella 
lineola (Coleoptera). Oikos. 47, 205–210.  

Laska, G., 2001. The disturbance and vegetation dynamics: A review and an alternative 
framework. Plant Ecology. 157, 77–99.  

Levin, S.A., 2005. Self-organization and the emergence of complexity in ecological 
systems. BioScience. 55, 1075–1079.  

Levin, S.A., Paine, R.T., 1974. Disturbance, patch formation, and community structure. 
Proceedings of the National Academy of Sciences of the USA. 71, 2744–2747.  

Lindeman, R.L., 1942. The trophic-dynamic aspect of ecology. Ecology. 23, 399–417.  

Lomolino, M.V., 2000. Ecology's most general, yet protean pattern: The species-area 
relationship. Journal of Biogeography. 27, 17–26.  

Lotka, A.J., 1922. Contribution to the energetics of evolution. Proceedings of the 
National Academy of Sciences of the USA. 8, 147–151.  

MacIntyre, S., Wanninkhof, R., Chanton, J.P., 1995. Trace gas exchange across the air-
water interface in freshwater and coastal marine environment. In: Matson, P.A. and 
Harriss, R.C. (eds.), Biogenic Trace Gases: Measuring Emissions from Soil and Water 
(Methods in Ecology). Wiley-Blackwell, Cambridge, MA, pp. 52–97.  

Mack, M.C., D’Antonio, C.M., 1998. Impacts of biological invasions on disturbance 
regimes. Trends in Ecology and Evolution. 13, 195–198.  



 

176 

Mackey, R.L., Currie, D.J., 2001. The diversity-disturbance relationship: Is it generally 
strong and peaked? Ecology. 82, 3479–3492.  

Maloney, K.O., Feminella, J.W., Mitchell, R.M., Miller, S.A., Mulholland, P.J., Houser, 
J.N., 2008. Landuse legacies and small streams: Identifying relationships between 
historical land use and contemporary stream conditions. Journal of the North American 
Benthological Society. 27, 280–294.  

Margalef, R., 1963. On certain unifying principles in ecology. The American Naturalist. 
97, 357–374.  

Margalef, R., 1997. Turbulence and marine life. Scientia Marina. 61, 109–123.  

Martin, T.R., Holdich, D.M., 1986. The acute lethal toxicity of heavy metals to peracarid 
crustaceans (with particular reference to freshwater Asellids and Gammarids). Water 
Research. 20, 1137–1147.  

Mass, T., Genin, A., Shavit, U., Grinstein, M., Tchernov, D., 2010. Flow enhances 
photosynthesis in marine benthic autotrophs by increasing the efflux of oxygen from the 
organism to the water. Proceedings of the National Academy of Sciences of the USA. 
107, 2527–2531.  

McAlister, J.S., Stancyk, S.E., 2003. Effects of variable water motion on regeneration of 
Hemipholis elongata (Echinodermata, Ophiuroidea). Invertebrate Biology. 122, 166–176.  

McCabe, D.J., Gotelli, N.J., 2000. Effects of disturbance frequency, intensity, and area 
on assemblages of stream macroinvertebrates. Oecologia. 124, 270–279.  

McIntire, C.D., Phinney, H.K., 1965. Laboratory studies of periphyton production and 
community metabolism in lotic environments. Ecological Monographs. 35, 237–258.  

McIntyre, S., Lavorel, S., 1994. How environmental and disturbance factors influence 
species composition in temperate Australian grasslands. Journal of Vegetation Science. 
5, 373–384.  

Mittelbach, G.G., Steiner, C.F., Scheiner, S.M., Gross, K.L., Reynolds, H.L., Waide, 
R.B., Willig, M.R., Dodson, S.I., Gough, L., 2001. What is the observed relationship 
between species richness and productivity? Ecology. 82, 2381–2396.  

Montague, C.L., 2007. Dynamic simulation with energy systems language. In: Fishwick, 
P.A. (ed.), Handbook of Dynamic System Modeling. Chapman & Hall/CRC, Boca Raton, 
FL, pp. 28.1–28.32.  

Montefalcone, M., Chiantore, M., Lanzone, A., Morri, C., Albertelli, G., Bianchi, C.N., 
2008. BACI design reveals the decline of the seagrass Posidonia oceanica induced by 
anchoring. Marine Pollution Bulletin. 56, 1637–1645.  



 

177 

Nowacki, G.J., Kramer, M.G., 1998. The Effects of Wind Disturbance on Temperate 
Rain Forest Structure and Dynamics of Southeast Alaska. U.S. Dept. of Agriculture, 
Forest Service, Pacific Northwest Research Station, Portland, OR.  

Odling-Smee, F.J., Laland, K.N., Feldman, M.W., 1996. Niche construction. The 
American Naturalist. 147, 641–648.  

Odum, E.P., 1969. The strategy of ecosystem development. Science. 164, 262–270.  

Odum, E.P., 1984. The mesocosm. BioScience. 34, 558–562.  

Odum, H.T., 1983. Maximum power and efficiency: A rebuttal. Ecological Modelling. 20, 
71–82.  

Odum, H.T., 1956. Primary production in flowing waters. Limnology and Oceanography. 
1, 102–117.  

Odum, H.T., 1988. Self-organization, transformity, and information. Science. 242, 1132–
1139.  

Odum, H.T., 1995. Energy systems concepts and self-organization: A rebuttal. 
Oecologia. 104, 518–522.  

Odum, H.T., Odum, E.C., 2000. Modeling for All Scales: An Introduction to System 
Simulation. Academic Press, San Diego, CA.  

Odum, W.E., Odum, E.P., Odum, H.T., 1995. Nature's pulsing paradigm. Estuaries. 18, 
547–555.  

Orwin, K.H., Wardle, D.A., 2004. New indices for quantifying the resistance and 
resilience of soil biota to exogenous disturbances. Soil Biology & Biochemistry. 36, 
1907–1912.  

Paine, R.T., Tegner, M.J., Johnson, E.A., 1998. Compounded perturbations yield 
ecological surprises. Ecosystems. 1, 535–545.  

Palmer, M., 1992. Standard Operating Procedure for GLNPO Total Alkalinity Titration. 
U.S. EPA Great Lakes National Program Office, Chicago, IL.  

Petersen, J.E., Sanford, L.P., Kemp, W.M., 1998. Coastal plankton responses to 
turbulent mixing in experimental ecosystems. Marine Ecology-Progress series. 171, 23–
41.  

Peterson, B.J., 1980. Aquatic primary productivity and the 14C-CO2 method: A history of 
the productivity problem. Annual Review of Ecology and Systematics. 11, 359–385.  



 

178 

Peterson, C.G., Stevenson, R.J., 1992. Resistance and resilience of lotic algal 
communities: Importance of disturbance timing and current. Ecology. 73, 1445–1461.  

Petraitis, P.S., Latham, R.E., Niesenbaum, R.A., 1989. The maintenance of species 
diversity by disturbance. The Quarterly Review of Biology. 64, 393–418.  

Pickett, S.T.A., White, P.S., 1985. The Ecology of Natural Disturbance and Patch 
Dynamics. Academic Press, San Diego, CA.  

Pickett, S.T.A., 1976. Succession: An evolutionary interpretation. The American 
Naturalist. 110, 107–119.  

Pickett, S.T.A., Kolasa, J., Armesto, J.J., Collins, S.L., 1989. The ecological concept of 
disturbance and its expression at various hierarchical levels. Oikos. 54, 129–136.  

Platt, W.J., Beckage, B., Doren, R.F., Slater, H.H., 2002. Interactions of large-scale 
disturbances: Prior fire regimes and hurricane mortality of savanna pines. Ecology. 83, 
1566–1572.  

Power, M.E., Tilman, D., Estes, J.A., Menge, B.A., Bond, W.J., Mills, L.S., Daily, G., 
Castilla, J.C., Lubchenco, J., Paine, R.T., 1996. Challenges in the quest for keystones. 
BioScience. 46, 609–620.  

Randerson, J.T., Liu, H., Flanner, M.G., Chambers, S.D., Jin, Y., Hess, P.G., Pfister, G., 
Mack, M.C., Treseder, K.K., Welp, L.R., Chapin, F.S., Harden, J.W., Goulden, M.L., 
Lyons, E., Neff, J.C., Schuur, E.A.G., Zender, C.S., 2006. The impact of boreal forest 
fire on climate warming. Science. 314, 1130–1132.  

Reiners, W.A., 1983. Disturbance and basic properties of ecosystem energetics. In: 
Mooney, H.A. and Godron, M. (eds.), Disturbance and Ecosystems. Springer-Verlag, 
Heidelberg, Germany, pp. 83–98.  

Resh, V.H., Brown, A.V., Covich, A.P., Gurtz, M.E., Li, H.W., Minshall, G.W., Reice, 
S.R., Sheldon, A.L., Wallace, J.B., Wissmar, R.C., 1988. The role of disturbance in 
stream ecology. Journal of the North American Benthological Society. 7, 433–455.  

Rodgers, P.W., DePinto, J., 1983. Estimation of phytoplankton decomposition rates 
using two-stage continuous flow studies. Water Research. 17, 761–769.  

Roeselers, G., Zippel, B., Staal, M., van Loosdrecht, M., Muyzer, G., 2006. On the 
reproducibility of microcosm experiments—different community composition in parallel 
phototrophic biofilm microcosms. Microbial Ecology. 58, 169–178.  

Roxburgh, S.H., Shea, K., Wilson, B., 2004. The intermediate disturbance hypothesis: 
Patch dynamics and mechanisms of species coexistence. Ecology. 85, 359–371.  



 

179 

Ruth, B.F., Flemer, D.A., Bundrick, C.M., 1994. Recolonization of esturine sediments by 
macroinvertebrates: Does microcosm size matter? Estuaries. 17, 606–613.  

Ryther, J.H., 1956. The measurement of primary production. Limnology and 
Oceanography. 1, 72–84.  

Scheffer, M., Carpenter, S., Foley, J.A., Folke, C., Walker, B., 2001. Catastrophic shifts 
in ecosystems. Nature. 413, 591–596.  

Shea, K., Roxburgh, S.H., Rauschert, E.S.J., 2004. Moving from pattern to process: 
Coexistence mechanisms under intermediate disturbance regimes. Ecology Letters. 7, 
491–508.  

Skirrow, G., 1965. The dissolved gas—carbon dioxide. In: Riley, J.P. and Skirrow, G. 
(eds.), Chemical Oceanography. Academic Press, New York, NY, pp. 227–322.  

Smith, S.V., 1973. Carbon dioxide dynamics: A record of organic carbon production, 
respiration, and calcification in the eniwetok reef flat community. Limnology and 
Oceanography. 18, 106–120.  

Smith, S.V., Key, G.S., 1975. Carbon dioxide and metabolism in marine environments. 
Limnology and Oceanography. 20, 493–495.  

Sousa, W.P., 1979. Disturbance in marine intertidal boulder fields: The nonequilibrium 
maintenance of species diversity. Ecology. 60, 1225–1239.  

Sousa, W.P., 1980. The responses of a community to disturbance: The importance of 
successional age and species' life histories. Oecologia. 45, 72–81.  

Sousa, W.P., 1984. The role of disturbance in natural communities. Annual Review of 
Ecology and Systematics. 15, 353–391.  

Sparks, R.E., Bayley, P.B., Kohler, S.L., Osborne, L.L., 1990. Disturbance and recovery 
of large floodplain rivers. Environmental Management. 14, 699–709.  

Sprugel, D.G., 1985. Natural disturbance and ecosystem energetics. In: Pickett, S.T.A. 
and White, P.S. (eds.), The Ecology of Natural Disturbance and Patch Dynamics. 
Academic Press, San Diego, CA, pp. 335–352.  

Sugiura, K., Goto, M., Kurihara, Y., 1982. Effect of Cu2+ stress on an aquatic 
microcosm: A holistic study. Environmental Research. 27, 307–315.  

Tansley, A.G., 1935. The use and abuse of vegetational concepts and terms. Ecology. 
16, 284–307.  



 

180 

Thomas, W.H., Vernet, M., 1995. Effects of small-scale turbulence on photosynthesis, 
pigmentation, cell division, and cell size in the marine dinoflagellate Gonyaulax polyedra 
(dinophyceae). Journal of Phycology. 31, 50–59.  

Townsend, C.R., Scarsbrook, M.R., Doledec, S., 1997. The intermediate disturbance 
hypothesis, refugia, and biodiversity in streams. Limnology and Oceanography. 42, 
938–949.  

Turner, M.G., Baker, W.L., Peterson, C.J., Peet, R.K., 1998. Factors influencing 
succession: Lessons from large, infrequent natural disturbances. Ecosystems. 1, 511–
523.  

Ulanowicz, R.E., 1997. Ecology, the Ascendent Perspective. Columbia University Press, 
New York, NY.  

van der Maarel, E., 1993. Some remarks on disturbance and its relations to diversity 
and stability. Journal of Vegetation Science. 4, 733–736.  

Van Nes, E.H., Scheffer, M., 2005. A strategy to improve the contribution of complex 
simulation models to ecological theory. Ecological Modelling. 185, 153–164.  

Vandermeer, J., Cerda, I.G.d.l., Boucher, D., Perfecto, I., Ruiz, J., 2000. Hurricane 
disturbance and tropical tree species diversity. Science. 290, 788–791.  

Waide, R.B., Willig, M.R., Steiner, C.F., Mittelbach, G., Gough, L., Dodson, S.I., Juday, 
G.P., Parmenter, R., 1999. The relationship between productivity and species richness. 
Annual Review of Ecology and Systematics. 30, 257–300.  

Wanninkhof, R., Ledwell, J.R., Broecker, W.S., 1985. Gas exchange-wind speed 
relation measured with sulfur hexafluoride on a lake. Science. 227, 1224–1226.  

Ward, J.V., 1998. Riverine landscapes: Biodiversity patterns, disturbance regimes, and 
aquatic conservation. Biological Conservation. 83, 269–278.  

Weiss, R.F., 1974. Carbon dioxide in water and seawater: The solubility of a non-ideal 
gas. Marine Chemistry. 2, 203–215.  

Wetzel, R.G., 2001. Limnology: Lake and River Ecosystems. Academic Press, San 
Diego, CA, pp. 468–481.  

Whitford, L.A., Schumacher, G.J., 1961. Effect of current on mineral uptake and 
respiration by a fresh-water alga. Limnology and Oceanography. 6, 423–425.  

Whitford, L.A., Schumacher, G.J., 1964. Effect of a current on respiration and mineral 
uptake in Spirogyra and Oedogonium. Ecology. 45, 168–170.  



 

181 

Wilson, S.D., Keddy, P.A., 1986. Species competitive ability and position along a natural 
stress/disturbance gradient. Ecology. 67, 1236–1242.  

Woodin, S.A., 1981. Disturbance and community structure in a shallow water sand flat. 
Ecology. 62, 1052–1066.  

Wootton, J.T., 1998. Effects of disturbance on species diversity: A multitrophic 
perspective. The American Naturalist. 152, 803–825.  

Worm, B., Lotze, H.K., Hillebrand, H., Sommer, U., 2002. Consumer versus resource 
control of species diversity and ecosystem functioning. Nature. 417, 848–851.  

Yamamoto, T., Hatta, G., 2004. Pulsed nutrient supply as a factor inducing 
phytoplankton diversity. Ecological Modelling. 171, 247–270.  

Zwick, P.D., 1985. Energy Systems and Inertial Oscillators. Ph.D. Dissertation, 
University of Florida, Gainesville, FL, USA. 

 



 

182 

BIOGRAPHICAL SKETCH 

Seungjun Lee graduated from Daegu Science High School and earned a Bachelor 

of Science in chemical engineering from Pohang University of Science and Technology 

(POSTECH) in South Korea.  While at POSTECH, he spent half a year at the University 

of Birmingham in England as an exchange student.  In 2006, he joined Systems 

Ecology group at the University of Florida, where he has explored the world of ecology 

and contemporary environmental issues. 

 


	ACKNOWLEDGMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	ABSTRACT
	INTRODUCTION
	Statement of the Problem
	Research Questions
	Studies on Ecological Disturbance
	Progress in the Theory of Ecological Disturbance
	Disturbance and Ecosystem Structures
	Disturbance and Ecosystem Processes
	Water Motion Disturbance

	Ecosystem Theories and Disturbance
	SelfOrganization and Hypotheses on Ecosystem-Level Strategies
	Ecosystem Traits during Succession
	Pulsing Paradigm

	Microcosm Studies
	Microcosm Overview
	Ecosystem-Level Traits and Measurements
	A pH Method for Continuous Monitoring of Ecosystem-Level Metabolism

	Simulation Models of Disturbance
	Research Plan

	METHODS
	Microcosm Experiments
	System Design
	Sampling
	Maintenance and Measurements
	Disturbance Regimes

	Data Processing and Analysis
	Data Processing: From Raw Data to Gross Primary Productivity (GPP) and Ecosystem Respiration Rate (ER)
	Ranges of pH and Alkalinity
	Analysis of Disturbance Intensity and Frequency Effects
	Analysis of GPP and ER Pulsing Pattern
	Analysis of Resistance and Resilience
	Analysis of Uncertainty in the Resultant Patterns

	Simulation Models
	Model of a Microcosm
	Simulation of Disturbance
	Validation of Models


	RESULTS
	Structures and Processes of Microcosms
	Microcosm Features
	Ranges of pH and Alkalinity
	GPP and ER of Microcosms

	Effect of Disturbance Intensity
	GPP and Disturbance Intensity
	Pulsing Patterns of GPP and ER under Disturbance

	Effect of Disturbance Frequency
	Effect of Disturbance under Different Ecosystem Maturities
	Relationship between MGPP and Disturbance Regime
	Resistance and Resilience of GPP and ER
	GPP and ER Pulsing

	Uncertainty of Resultant Patterns
	Uncertainty from [GCO2] Correction
	Uncertainty from pH Measurement Error

	Simulation Models
	Model Equations and Calibrations
	Simulation Results
	Validation of the Models


	DISCUSSION
	Conclusions
	Discussion
	Credibility of MGPPDisturbance Relationships in the Microcosms
	Self-Organization
	Effect of Disturbance Intensity
	Effect of Disturbance Frequency
	Disturbance and Ecosystem Maturity
	Disturbance and Pulsing
	Possible Mechanisms of Disturbance Effects from Simulation Models
	Trade-Offs in the Study

	Future Work

	GPP, MGPP, AND GPP/ER OF MICROCOSMS
	R CODES FOR SIMULATION MODELS
	LIST OF REFERENCES
	BIOGRAPHICAL SKETCH

