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ABSTRACT 

Using a forested headwater stream system as a model, the effects of inter-annual variation in 

summer discharge regimes on aquatic insect communities were investigated. More specifically, 

the benthic invertebrate community response to the intensity, minimum discharges, frequency, 

duration and abruptness of summer low-flow events were examined. We hypothesized that 

intensification of summer low-flow events, both in duration and magnitude, have some negative 

impacts on benthic macroinvertebrate communities in riffles. Examples of negative impacts 

include reduction in their abundance and/or biodiversity.  

First, the abundance and functional trait data of the benthic macroinvertebrates in the three 

streams in the Malcolm Knapp Research Forest, British Columbia, Canada, were analyzed with 

respect to the low-flow events. Second, population models were built to simulate the potential 

responses of lotic aquatic insect communities to future climate change scenarios that differ in the 

rate of intensifications in extreme flow events: a low-flow event scenario within the current range 

versus 10% increase in intensity. 

The summer low-flow events were found to have a significant relationship with benthic 

macroinvertebrate communities through three-table ordinations of the empirical data. The 

community structure was correlated with a major ocean-atmosphere regime shift (Pacific Decadal 

Oscillation). The intensity and duration of low-flow events explained the observed shift in 

community structure favouring r-selected traits (e.g. short life cycle, high reproduction rate). 

The two low-flow severity scenarios showed the significant differential impacts on the aquatic 

insect community structures when individual populations were modeled according to their traits. 

Aquatic insects could be separated into three groups according to their sensitivities, measured by 

extinction rates, toward the two scenarios.  
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Chapter 1 Disturbances and their effects in streams 

Physical disturbances are one of the main factors that affect a biological community, its 

species and the interactions among them (e.g. Sousa 1984). Freshwater communities are no 

exception (e.g. Resh et al. 1988; Lytle and Poff 2004). A disturbance can be defined as “any 

relatively discrete event in time that disrupts ecosystem, community, or population structure and 

changes resources, substrate availability, or physical environment” (Pickett and White 1985). 

Physical disturbances such as fires and storms can affect the structure of a biological community 

directly or indirectly by having tremendous impacts on their physical environment (Fisher et al. 

1982; Minshall 2003). Forest fires can affect the structure of a biological community directly by 

burning, or indirectly by impacting resource availabilities, and/or changing physicochemical 

characteristics of the region (e.g. Minshall 2003). Flow-generated disturbances (flood and 

drought) are a fundamental part of flowing waters (lotic ecosystems), influencing population 

dynamics (Holomuzki and Biggs 2000), community structures (Fisher et al. 1982; Townsend et al. 

1997) and ecosystem functions (Grimm and Fisher 1986). High-flow events can physically 

remove individuals – e.g. algae, macrophytes, and benthic invertebrates – from substrates 

affecting their survival as well as reproductive rates, the latter depending on the timing of such an 

event. They also move sediments, benthic organic matter and structural components, such as 

wood, by force (e.g. Fisher et al. 1982; Lytle 2000), creating a mosaic of substratum patches 

(Matthaei et al. 2004) and changing channel morphology (Gordon et al. 2004). Rapid 

colonization usually follows a flood, resulting in a different community composition from the one 

before the high-flow event. The resulting composition of the new community depends on the 

timing and magnitude of the flood as well as the availabilities of refugia, such as wood and leaf 

jams (Lancaster and Hildrew 1993) that act as sources for colonizers (Lytle and Smith 2004). 
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Other examples of disturbances in streams include events such as drought, ice scour, 

contamination, irrigation and dam construction. 

 

Benthic macroinvertebrates 

The benthic macroinvertebrates play central ecological roles in lotic systems (Hynes 1970; 

Wallace and Webster 1996; Malmqvist 2002). They occupy a large part of the in-stream and 

riparian food webs, and are important contributors to stream ecosystem functions for the 

following reasons. Some regulate biofilms and algae through consumption, while some provide 

food for others including many vertebrates. Others process organic matter and transport energy 

from detritus back into the food web. For example, benthic macroinvertebrates mediate leaf litter 

breakdown, especially in forested headwater streams. Some ‘shred’ leaves into pieces, increasing 

surface area for microbial and fungal colonization (Cummins and Klug 1979). By reducing the 

size of other coarse particulate organic matter, they supply nutrients, carbon and energy to the 

stream (e.g. Cummins and Klug 1979). Leaf litter breakdown rates have been experimentally 

shown to be sensitive to the species identity (i.e. which combination of benthic invertebrate 

species is present) (e.g. Jonsson and Malmqvist 2003), indicating the importance of community 

structures to ecosystem functioning. Also, benthic macroinvertebrates can alter water quality and 

flow patterns through their activities across multiple scales (e.g. O’Connor and Lake 1994; 

Cardinale et al. 2002; Wiens 2002). High density of filterers such as black fly larvae in a stream 

can convert suspended organic matter (seston) into fecal pellets, altering the location and size of 

organic matter (Wotton et al. 1998) affecting the water quality around them. Some caddisfly 

larvae create their cases or their retreats using silk, altering flow patterns around them (Nowell 

and Jumars 1984), provide food for others by trapping fine organic matter (O’Conner 1993), 

and/or increase substrate stabilities (Takao et al. 2006).  
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The benthic macroinvertebrates are an effective indicator group to study impacts of many 

environmental changes for multiple reasons (Bonada et al. 2006). They are a ubiquitous group 

with high species richness, providing a spectrum of biological responses to any changes in 

environment. They depend on freshwater for a part or all of their life cycles, leading to their 

sensitivities that are ideal for assessing impacts of abiotic changes. Also, their generation times 

integrate the recent history of the environment. 

 

Future predicted changes in freshwater ecosystems 

The rapid changes in global climate are apparent, with increases in the frequency and 

magnitude of extreme events (e.g. Poff et al. 2002; Allan et al. 2004; Jentsch et al. 2007). For 

example, seasonal variations within annual precipitation regimes are expected to become more 

pronounced, increasing winter precipitation and decreasing summer precipitation in many mid to 

high latitude areas (Hulme 2004). Changes up to ± 20% in global annual precipitation causing ± 

50% changes in runoff are predicted under some scenarios, the predicted degrees depending on 

the geographic location and topography (e.g. Schneider et al. 1990). The amount of runoff would 

also be affected by the predicted increase in evapotranspiration due to warming, especially during 

the growing seasons, resulting for example in lowered summer stream flows (Stockton and 

Boggess 1979; IPCC 1996; Mulholland et al. 1997).  

The impacts of these changes on ecosystems are predicted to increase in severity under most 

global climate change models (Jackson et al. 2001; Walther et al. 2002; Hulme 2004). For 

instance, a 50% reduction in runoff can easily be too extreme for rheostenic (confined to streams; 

Jaag and Ambühl 1964) species to cope with (e.g. Castella et al. 1995; James et al. 2008). They 

require flow for their survival such as respiration and feeding (Hynes 1970). For example, filter-

feeding hydropsychid caddisfly larvae have external gills that rely on currents to provide enough 
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dissolved oxygen to respire, while larval black flies (Simuliidae) ‘filter’ food that are carried to 

them by the flow (Hynes 1970). Thus, a reduction in flows could result in loss of the rheostenic 

group (Lytle and Poff 2004; Boulton and Lake 2008) that include some important contributors to 

ecosystem functions as discussed above.  

If such predicted extreme conditions affect certain ecological groups that are fundamental to 

the system’s function, the effect can be tremendous. For example, a functional feeding group of 

stream invertebrates, called shredders, are primarily composed of caddisflies, some mayflies and 

stoneflies. Shredders provide food for scrapers by increasing surface area for microbial 

colonization, as well as collectors and filterers by ‘shredding’ discussed above (Cummins 1974). 

Shredders also increase the patchiness of fine particulate organic matter availability and quality 

(Short and Maslin 1977; Ward and Cummins 1979; Short et al. 1980). Therefore, shredders are 

an important group for ecosystem productivity, especially in forested streams (e.g. Lugthart and 

Wallace 1992; Dietrich et al. 1997). Many shredder families are intolerant to extreme droughts. 

Erman and Erman (1995) found that fluctuations in discharges accounted for 50% of the 

variations in caddisfly abundances of Sierra Nevada cold spring sources during a six-year drought 

event. Hence, a supraseasonal (extreme) drought event can cause a local extinction of shredders, 

reducing the leaf-litter breakdown rates considerably. This would, in turn, affect collectors and 

filterers and potentially higher trophic levels (e.g. Kirby et al. 1983; Acuña et al. 2004), 

transmitting the impacts of such extreme conditions.  

The impacts of droughts or reduced flows have been less documented than those of flood 

events, even though they are equally important to the lotic ecosystems (Lytle 2000; Boulton 

2003; Lake 2003; 2008; Boulton and Lake 2008). Predicting drought events tends to be difficult, 

and observations often miss a clear starting point in time (Lake 2003; 2008). Also, unlike flood 

events that are considered pulse disturbances, low-flow events are ramp disturbances that steadily 
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increase in intensity with time without a clear endpoint (Lake 2000). Biological communities 

experience low-flow events differently depending on the history of such events and their 

magnitudes, as well as river types and morphologies, making their effects difficult to generalize 

(Boulton 2003; Lake 2003).  

The importance of investigating the impacts of such events is increasing due to recent and 

predicted changes despite the difficulties described above. In addition to the predicted 

intensification of droughts (e.g. Dracup and Kendall 1990), the anthropogenic uses of freshwater 

as resources are expected to increase for agriculture, industries, residential use, and generation of 

electricity (Waggoner and Schefter 1990; Gleick 1998). The anthropogenic rate of water 

withdrawal and the area in irrigation in the past 100 years have increased exponentially (Gleick 

1998; Jackson et al. 2001). To maintain healthy freshwater ecosystems and their services, 

preservation or restoration of natural flow regimes is necessary (Poff et al. 1997; Bunn and 

Arthington 2002). Given the importance of biological communities to lotic ecosystems, it is 

necessary to gain better understanding of how biological communities respond to current climatic 

variations and use that knowledge to predict how they will respond in the future.  

 

Traits vs. abiotic factors 

Species’ traits include organisms’ body structures (morphology), life histories such as 

longevity and timing of reproduction, and behaviours. As outlined by the habitat templet concept 

(Southwood 1977; 1988), abiotic factors such as major shifts in climate (e.g. El Niño Southern 

Oscillation; Bêche and Resh 2007; Gilbert et al. 2008) and extreme events are thought to act as 

environmental ‘filters’ (Poff 1996; 1997; Statzner et al. 2001; Lytle and Poff 2004). Only the 

traits that allow organisms to cope with the particular abiotic factors survive that filter, thus 

selecting these traits over others. The habitat templet concept has been tested in lotic systems (e.g. 
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Scarsbrook and Townsend 1993; Resh et al. 1994; Statzner et al. 1997; Townsend et al. 1997; 

Gjerløv et al. 2003) showing the importance of hydrological patterns to the biological 

communities in streams. For example, Statzner et al. (1997) found a significant relationship 

between reproductive traits and habitat use. Assessments of community compositions with 

respect to such environmental filters would allow one to infer potential effects of filters on 

biodiversity and perhaps ecosystem functions but not the underlying mechanisms. The 

mechanisms of how the filters shape biological communities can be examined by studying the 

changes in trait compositions with respect to the filters (e.g. Townsend and Hildrew 1994). 

Therefore, examining both the species composition of a community and the suite of biological 

traits is crucial to understand the impacts that changes in climate variables have on biological 

communities. Moreover, analyzing traits avoids geographic and system specificity of species, 

increasing the potential for a wider application of the results from such analysis. 

A decrease in discharges is an example of environmental filters for lotic systems. Decreased 

discharges have both direct and indirect effects on biological communities within streams. For 

example, decreased discharge has a direct effect on benthic macroinvertebrates by decreasing the 

volume, and possibly the area, of the habitat depending on the intensity of flow reduction 

(Stanley et al. 1994; Millar and Golladay 1996; Stanley et al. 1997; Dewson et al. 2007; Miller et 

al. 2007). According to the habitat “compression” hypothesis (MacArthur 1972; Harvey et al. 

2005), the decrease in habitat size will, in turn, increase the intensity of biotic interactions 

between individuals within streams, as well as between streams and the adjacent terrestrial area 

or the riparian zone. Two major biotic interactions are anticipated to be predation on benthic 

macroinvertebrates especially by birds or terrestrial insects (Boulton 2003; Lake 2003; but see 

Canton et al. 1984 for increased benthic macroinvertebrate predator density) and intensified 

competition between benthic macroinvertebrates for space and resources, such as food and 



7 
 

dissolved oxygen for respiration (Feminella and Resh 1990; Covich et al. 2003; Dewson et al. 

2007). Indirect effects of decreased discharge include more temporal and spatial variability in 

stream temperatures and overall decrease in dissolved oxygen levels (Riggs 1980; Everard 1996; 

Gunduz 2006; Daufresne et al. 2007; Dewson et al. 2007), potentially intensifying the 

competition mentioned above. These indirect effects are caused by the following two factors. 

First, decreased water volume allows higher exogenous impacts from environmental factors such 

as solar energy (Riggs 1980; Everard 1996). Second, the patchily distributed groundwater input, 

which feeds cooler (about 8°C in coastal BC), less oxygenated water, may affect water quality 

more when the flow is low (Gunduz 2006; Dewson et al. 2007). Decrease in dissolved oxygen 

could also result from increased water temperature. The oxygen saturation levels decreases with 

increase in water temperature. Also, the metabolic activities increase in warmer water causing the 

biological oxygen demand to increase, decreasing the dissolved oxygen especially at night when 

photosynthesis by algae ceases (e.g. Acuña et al. 2005; Daufresne et al. 2007). Thus, in the case 

of decreased precipitation, some traits would be more vulnerable than others. For example, larger 

species would be affected more negatively than smaller species as larger species require higher 

total respiration and larger habitat for resources and to escape predation (as discussed by Boulton 

and Lake 2008, for example). Likewise, species that disperse more actively or have high vagility 

will have higher survival rates than passive dispersers or species with low vagility. High vagility 

will allow faster response to shifts in discharge regime as well as an increased probability of 

finding the next suitable habitat. Different modes of respiration may also lead to bias between 

species due to differences in oxygen uptake efficiency. Decrease in species diversity through 

such processes may then decrease ecosystem functioning (Cardinale et al. 2002). 
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Small streams and the potential impacts of climate change 

Headwater streams are ideal model systems to test the impacts of climate change on biological 

communities for three reasons. First, headwater streams are important to downstream ecosystems 

as they act as critical conduits for the delivery of water and nutrients (Wipfli and Gregovich 

2002; Compton et al. 2003; Wipfli et al. 2007). The biodiversity of headwater streams (an alpha 

diversity) contributes to that of a river system and adjacent riparian network (beta diversity) 

(Meyer et al. 2007; Clark et al. 2008). Second, changes in discharge regimes due to shifts in 

precipitation patterns can have a tremendous effect on the biological community structure and 

function of streams (Williams 2006; Nelson and Palmer 2007). Small streams, such as in the case 

of headwater streams, are especially vulnerable to these disturbances because of their limited 

hydrological buffering capacity due to their small catchment sizes (Bêche et al. 2007; Miller et al. 

2007). Thus, the effects should be more directly observable than those in downstream rivers. 

Third, because of their relatively small sizes, experimental manipulation and data collection are 

easier on headwater streams than on larger rivers. In addition, forested headwater streams receive 

relatively low levels of light due to thick canopy cover (e.g. Brosofske et al. 1997; Pollock 1998). 

The combination of the low lighting and the stream’s proximity to the riparian zone due to its 

small size increases the importance of allochthonous inputs (reviews in Anderson and Sedell 

1979; Cummins et al. 1983) and the detritus food web that relies on this input. 

 

Thesis objectives and approaches 

In this thesis, the effects of natural flow regimes on ecosystems were studied using the benthic 

macroinvertebrate communities in a headwater stream system. Forested, headwater stream 

ecosystems of south-western British Columbia, Canada, are an ideal system in which to study 

how individual benthic macroinvertebrate populations respond to shifts in precipitation patterns. 
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The effects of changes in precipitation patterns on headwater streams can be measured by shifts 

in summer (May - early October) discharge levels. The summer discharge levels were chosen 

because the biological communities in small streams experience relatively higher levels of stress 

in summer. Lowered flow can effectively condense habitat into smaller area increasing the level 

of competition and/or the risk of predation (e.g. Stanley et al. 1997; Humphries and Baldwin, 

2003). In addition, detritus availabilities in early summer are relatively low (Richardson 1991) 

and increased microbial activities due to higher temperatures often leads to deprivation of oxygen 

at night or in heavily shaded streams (e.g. Dahm et al. 2003; Williams 2006). Examining the 

resistance and resilience of a biological community to abiotic changes during periods of elevated 

environmental stress would be particularly informative as the response of the system to stressors 

should be more pronounced. Ecosystem responses to changes in discharge regimes will be 

measured as the change in benthic macroinvertebrate community structure composed mainly of 

aquatic insects. Insects are the most abundant and species-rich macroinvertebrate taxon in many 

stream systems and they drive the nutrient processing and cycling (Merritt et al. 1984; Malmqvist 

2002; Allan et al. 2004). 

In this thesis, changes in summer discharge regime, both in duration and magnitude of low-

flow events, were hypothesized to have some negative impacts on aquatic insect community 

structure: reduction in their abundance, biodiversity and/or ecosystem functions. The overall 

biodiversity and ecosystem functions may decline through differential impacts on the insect 

populations, divided either taxonomically or into functional or trait groups, thus affecting the 

ecosystem function of the community.  

To examine the effect of summer discharge regime, summer low-flow events, as well as the 

measures of such events, have to be defined first. The threshold discharge was calculated by 

subtracting one standard deviation from the average discharge to define a low-flow event. The 
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choice of one standard deviation was made to distinguish the low-flow events considered here 

from extreme low-flow events. Resh et al. (1988) defined extreme high-flow events as flows 

higher than average discharge plus two standard deviations. Applying this approach to low-flow 

events, extreme low-flow events were defined as flows lower than average discharge minus two 

standard deviations, with zero being the minimum. Thus, a summer low-flow event was defined 

as any period in a particular summer that had discharges lower than the threshold. Common terms 

used to describe flow variability include frequency, duration, magnitude, timing and 

predictability (Poff and Ward 1989; Poff et al. 1997; Naiman et al. 2008). Frequency and 

duration of low-flow events are known to be important in the biological reactions to disturbances 

(i.e. perturbations) (review in Boulton and Lake 2008). For example, higher frequency of 

disturbance reduced benthic macroinvertebrate species abundance and richness in summer at the 

individual substrate scale (Robinson and Minshall 1986). Here, frequency, duration, intensity and 

abruptness were chosen as the descriptors of low-flow events (Figure 1-1). Frequency was 

calculated as the total number of low-flow events in a summer. In the case of summer low-flow 

events, frequency increases as the result of occasional short rainfall events that disrupts otherwise 

one low-flow event. Therefore, unlike in the case of other disturbances, high frequency may 

benefit resistant taxa more than low frequency. The maximum number of continuous days that 

had discharges below the threshold was considered as duration. Intensity included two different 

ways of measuring magnitude of a low-flow event – minimum discharge and a difference 

between minimum and average discharge. Throughout this thesis the latter is referred to as 

intensity while the former is termed as is (minimum discharge). Abruptness was calculated 

through dividing a difference between the previous peak flow discharge and minimum discharge 

by the number of days it took to reach the minimum discharge from the peak flow (Jentsch et al. 

2007). Total duration, counting the number of days that had discharges below threshold, is often 
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used when examining temperatures. However, this term is not discussed in this thesis. A 

preliminary principal component analysis of low-flow variables (Figure 1-1) showed that the 

maximum and total durations are strongly correlated and the maximum duration had more than 

six times higher explanatory values (28.9% variance) than that of total duration (4.6%). 

 

To test the hypothesis that the summer low-flow events play a role in shaping the community 

structure through different effects they have on different macroinvertebrate groups, the following 

questions were addressed: 

1) How do macroinvertebrate communities respond to the inter-annual variations in frequency, 

duration, intensity and abruptness of summer flow regimes in small headwater streams? 

2) How will community structure in headwater streams change as a result of the different 

responses by macroinvertebrate groups towards shifts in the frequency, duration, intensity and 

abruptness of low discharge regimes in summer?  

 

Chapter 2 attempts to answer the first question by analyzing the effects of low summer 

discharge patterns on a small stream benthic macroinvertebrate community. Chapter 3 focuses on 

the second question by developing a series of population growth models based on the past data 

analyses to predict the biotic responses to potential changes in discharge regime. Overall 

discussions and conclusions can be found in Chapter 4. 
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Figure 1-1. The biplot of a preliminary principal component analysis (PCA) on the low-flow 

parameters of the MKRF data on East, Mike and South Creeks. The preliminary PCA was carried 

out to minimize the number of low-flow parameters included in the further analyses. Total 

duration (tDur) and maximum duration (mDur) scored almost identical, and intensity (Int) and 

average discharge (Qbar) grouped closely. Therefore, frequency (Fre), duration (mDur), intensity 

(minQ and Int) and abruptness are included in this thesis. Solid lines indicate the 0, 0 lines of x 

and y axes. The distance scale (d = 0.2 PCA score) indicates the length of a side of grey squares. 
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Chapter 2 The relationships between summer low-flow events and the benthic 

macroinvertebrate community in forested headwater streams. 

2.1 Introduction 

Communities, the species and interactions among them, in rivers and streams (lotic 

systems) are largely affected by physical disturbances (e.g. Resh et al. 1988; Power et al. 

1988; Poff 1992; Palmer et al. 1995; Lake 2000; Lytle and Poff 2004; see Chapter 1). In lotic 

systems, hydrological regimes can provide two extreme disturbances, flood and drought 

events, and their effects have been intensively studied (e.g. Giller et al. 1991; Boulton et al. 

1992; Angradi 1997; Williams 2006; Miller et al. 2007). However, the effects of non-extreme 

hydrological regimes on biological traits, and thus community structures, have not been 

studied as much (but see e.g. Poff et al. 1997; Rempel et al. 2000; Bêche et al. 2006; Dewson 

et al. 2007), despite the predicted intensification of the future alterations to the natural flow 

regimes by human needs or by climatic changes affecting snow accumulations and/or 

precipitation regimes (Schindler 1997; Hulme 2004). For example, declines in summer 

runoffs have already been reported in the Rocky Mountains (Rood et al. 2008), Northern 

Canada (Déry and Wood 2005), and at larger scales (Zhang et al. 2001; Milly et al. 2005; 

Rood et al. 2005). Given the importance of macroinvertebrate communities to lotic 

ecosystems (Chapter 1), it is necessary to gain better understanding of how biological 

communities respond to current climatic variations. Small, forested streams were chosen as a 

model due to their connectivity to systems downstream (Wipfli and Gregovich 2002; 

Compton et al. 2003; Wipfli et al. 2007) and sensitivity even to small changes in discharges 

(Williams 2006; Nelson and Palmer 2007). The summer low-flow events were targeted 

because macroinvertebrates are already under stress from low availabilities of detritus and 

A version of this chapter will be submitted for publication. Murakami, A. and J.S. 
Richardson. The Relationships between Summer Low-flow Events and the Benthic 
Macroinvertebrate Community in Forested Headwater Streams of British Columbia. 
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warmer temperatures in summer (Richardson 1991), thus they should respond closely to any 

additional stress (Williams 2006; Durance and Ormerod 2007; Nelson and Palmer 2007). The 

macroinvertebrate communities of riffles within small streams were used rather than those of 

pools because riffles experience the impacts of low-flow events the most (Stanley et al. 1997; 

Boulton 2003). 

We hypothesized that seasonal fluctuations in hydrological regimes play a role in the 

shaping of community structures in lotic systems. For example, flow regimes are known to be 

affected by ocean-atmosphere phenomena such as North Atlantic Oscillation (Hurrel 1995), 

El Niño Southern Oscillation (Molles and Dahm 1990), Pacific Decadal Oscillation (PDO; 

Mantua et al. 1997) and Interdecadal Pacific Oscillation (Folland et al. 2002; McKerchar and 

Henderson 2003). For instance, the positive (‘warm’) PDO phase is correlated with relatively 

higher temperatures from January through August (Fleming et al. 2007) and less winter 

precipitations in the Pacific Northwest (Mantua et al. 1997) while the negative (‘cold’) PDO 

phase is correlated with increased flows, especially in April and May (Fleming et al. 2007). If 

community structures are affected by the changes in flow regimes, then patterns of such 

oscillations should be detectable when analyzing the community with respect to flow 

parameters. 

The objectives of this study were to: 1) test for evidence of summer low-flow events 

playing a role in shaping the benthic macroinvertebrate communities of riffles in forested, 

headwater streams, and 2) identify which low-flow parameter explains the community 

structure the most. If the summer low-flow events affect the community structure, then the 

low-flow variables must be associated with the patterns of relative abundances and biological 

traits. A three-table ordination called RLQ analysis (Dolédec et al. 1996) was used to test if 

there was any underlying structure between summer low-flow parameters (R), species 

abundances (L) and their biological traits (Q) that explains the particular community 



24 
 

structures observed. The use of RLQ analysis to study the relationships between environment 

and the occupants’ abundance and traits in a particular habitat has been increasing in the past 

decade (e.g. Dolédec et al. 1996; Thuiller et al. 2006; Barbaro and Halder 2008).  

 

2.2 Methods 

2.2.1 Site description 

The University of British Columbia’s Malcolm Knapp Research Forest (MKRF) is located 

near Maple Ridge, British Columbia (122°34’W, 49°16’N). MKRF is in the Coastal Western 

Hemlock biogeoclimatic zone (CWHdm; Pojar et al. 1991) with three dominant tree species: 

Douglas-fir (Pseudotsuga menziesii), western red cedar (Thuja plicata) and western hemlock 

(Tsuga heterophylla). The maritime climate is characterized by dry, warm summers and wet, 

cool winters. Shallow soils are developed from glacial till and some glacio-marine deposits 

(Feller and Kimmins 1979). The benthic macroinvertebrate samples were collected from 

MKRF as a part of the MKRF Riparian project (see Kiffney et al. 2000; Richardson et al. 

2002; Kiffney et al. 2003 for the details of the project). The benthic macroinvertebrate 

abundance data from three headwater streams were used for this study: East Creek, South 

Creek and Mike Creek (Figure 2-1). These streams experienced minimal anthropogenic 

disturbances since the forest fire in 1931 as they are either the control (East and Mike Creeks) 

or 30-m buffer (South Creek) sites (Kiffney et al. 2003). The streams were classified as riffle-

pool or step-pool (Montgomery and Buffington 1998) with southerly aspects. The ranges of 

discharges in all three streams include zero (Table 2-1). The lowest flows occur from July to 

September, often resulting in discontinuous surface flow. 
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2.2.2 Data collection 

The 9-year record of benthic macroinvertebrate samples from the MKRF riparian project 

for the three streams (East, Mike and South Creeks) based on Surber samples taken in early 

autumn were used in this study as abundance data to test for the effect of summer low-flow 

events on macroinvertebrate communities (Table 2-2). All the data were arranged into three 

tables to match the requirement of RLQ analysis: low-flow variables (R), abundance (L) and 

biological traits (Q).   

The abundance (L) table consisted of the macroinvertebrate relative abundance data (61 

taxonomic units) collected by the MKRF riparian project. The relative abundance 

(count/Surber sampler; 0.09 m2) for each taxonomic unit was converted into proportions (per 

Surber sampler) by each sampling replicate (e.g. the relative abundance of Chironomidae in 

Fall 2000 sample 1 for Mike Creek was 115/619 while sample 2 had 284/498). An average 

relative abundance for each sampling event was calculated from the replicates for each 

taxonomic group (TG). The taxonomic resolutions in this study were based mainly on Merritt 

and Cummins (1996) and varied from genus to order depending on their identification 

certainty and rarity of sighting (see Appendix D for the entire list of taxa used in this study). 

Taxonomic groups that occurred fewer than three times over the 10 years, and/or were unique 

to one site, were omitted from analyses after the relative abundance calculation to avoid 

potential misclassifications. The relative abundance data were log(x+1) transformed to correct 

for the influences of extremely abundant or rare taxonomic group on the ordinations. 

Low-flow parameters (R) were obtained based on discharge data (Feller M.C., University 

of British Columbia, Unpublished data) from weirs at East Creek and South Creek. For Mike 

Creek, the discharge data were calibrated by taking multiple point discharges using salt 

dilution gauging (Moore 2005). The result of the calibration showed that Mike Creek 

discharge is about 0.65 times that of East Creek. A low-flow event was defined as any period 
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in a particular summer that had discharges lower than the average discharge minus one 

standard deviation (Figure 2-2). The average discharge was calculated over the 9-year period 

for each site. The use of one standard deviation was derived from a definition of extreme low-

flow events as flows lower than average discharge minus two standard deviations (Resh et al. 

1988). Five summer low-flow measures were used as summer low-flow variables: frequency, 

duration, intensity, abruptness and minimum discharge (see Table 2-3 for description of each 

parameter). For example, in the case of Figure 2-2, frequency is 2, duration is the number of 

days in “a”, minimum discharge is 0, intensity is about 12, and abruptness is the difference 

between discharge of the first peak and the minimum discharge divided by number of days it 

took. Each low-flow parameter was scaled from 0 to 1 to allow comparisons between the 

parameters. Due to the nature of the definition (Table 3), note that minimum discharge is the 

lowest at 0 unlike other parameters (1 indicates the strongest). All low-flow parameters were 

also log(x+1) transformed.  

Biological species traits (Q) were fuzzy-coded (Chevene et al. 1994; Beche et al. 2006; see 

Table 2-4 for the list of species traits) for the 61 taxonomic units, containing 11 traits with 2-5 

modalities that were adapted from Leah A. Bêche (Claude Bernard Université de Lyon; 

Unpublished data). Each trait of a taxon was given a score (between 0 and 3 for traits with 5 

or fewer categories, or 0 and 5 for traits with greater than 5 categories), corresponding to its 

affinity to the modality (Chevene et al. 1994). Each trait was then standardized so that all 

modalities in a trait sum to one. For example, the trait Body Size has two modalities, small 

(a1) and large (a2), that add to one (e.g. a perlid stonefly genus Calineuria has a1=0.25 and 

a2=0.75 since the original scores were 1 and 3, respectively). The number of modalities in 

each trait category was reduced as much as possible. See Appendix A for the list of 

taxonomic units and B for their fuzzy-coded biological traits. 
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2.2.3 Data analyses 

Each data table was analyzed separately using various ordination techniques that attempt to 

maximize the variance explained within the data. In other words, the explanatory strength of 

an ordination is higher with larger total variance. The total variance explained by the 

ordination axes and the percent variance explained by each axis were calculated from the 

eigenvalues obtained from each analysis. For L, scaled and centered correspondence analysis 

(CA; e.g. Jongman et al. 1995) was used to create a simultaneous ordination of species and 

sampling events. R was analyzed using the loadings of low-flow parameters obtained from a 

principal component analysis (PCA; e.g. Jongman et al. 1995). Q was investigated by fuzzy 

correspondence analysis (FCA). FCA is an eigen-based ordination method that is an 

application of multiple correspondence analysis to fuzzy-coded data designed to analyze data 

that are in multiple categories with subcategories (Chevene et al. 1994). The correlation ratios 

were compared to select traits that best explained the variance on a given axis. 

RLQ analysis (Dolédec et al. 1996; Dray and Dufour 2007) was then carried out. RLQ 

analysis is a type of constrained ordination, and was used to measure how much of the total 

macroinvertebrate community structure is associated with low-flow parameters and biological 

traits. For mathematical explanation of RLQ analysis, see Dolédec et al. 1996. A Monte-Carlo 

permutation test with 1000 random permutations of the rows of Q and R tables was used to 

investigate the significance of the relationship between the species traits and low-flow 

parameters (Dolédec et al. 1996). The test was repeated 10,000 times to evaluate the total co-

inertia value obtained (Kazi-Aoual et al. 1995). RLQ analysis expresses the co-structure 

between low-flow parameters and species traits (R-Q co-structure) by optimizing the 

correlation between species-by-site (L) scores with those of constrained environment-by-site 

(R) and trait-by-species (Q). The factor loadings on the main RLQ analysis indicate the 

relative contribution of each environmental variable to the constrained ordination, while 
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relative position of biological traits along the first RLQ axis show the main traits responsible 

for the observed variability. The strength of relationships between R, L and Q was assessed 

by comparing the constrained ordination with the unconstrained separate analysis of the three 

tables. All analyses were carried out using the package ade4 (Dray and Dufour 2007) in R 

2.7.0 (R Development Core Team 2009). 

 
2.3 Results 

2.3.1 Separate analyses of the three tables 

Even though the three sites differ in their characteristics (Table 1), no separation between 

sites was seen in either the CA of L or PCA of R, confirming the use of the three MKRF sites 

together as samples rather than separating them and treating each site individually or 

comparing between sites. 

 

Low-flow variables (R): The first two principal component axes explained 70.8% of the 

total variance from the PCA on R (Table 2-5). The frequency, minimum discharge and 

duration were correlated strongly with the first PCA axis while intensity and abruptness 

correlated with the second PCA axis (Figure 2-3). Only the frequency and minimum 

discharge showed a strong positive correlation with each other. On the first PCA axis, the 

sample scores could be distinguished by years until or after 2003 (i.e. 1998-2003 and 2004-

2007, respectively). Duration showed positive correlation with post-2003 data while 1998-

2003 data were best explained by higher frequency and lower minimum discharge (Figure 2-

4). No obvious patterns between the three sites were observed by the PCA of low-flow 

variables. 

 

Species abundances (L): For the species abundance data (L), 42.9% of the total variance of 

the spread between taxonomic groups explained by CA axes could be explained by the first 
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four axes (Table 2-5). Rare taxa correlated positively with the first CA axis (Figure 2-5). The 

second axis showed a correlation with the preferred habitats that macroinvertebrates occupy: 

pools (positive) or riffles (negative). The taxonomic orders of macroinvertebrates did not 

show clear distances from each other to be separated from others on the first CA axis, except 

for Megaloptera (Figure 2-6). On the second axis, separations between taxonomic orders were 

small, and nematodes and oligochaetes correlated negatively. Similarly, functional feeding 

groups (FFGs; Anderson and Sedell 1979) did not show clear separations between each other 

and the spread was along with the first CA axis more. 

 

Biological traits (Q): The first four FCA axes explained 52.3% of the total variance (Table 

2-5). The first FCA axis was correlated negatively with body size, and life cycle traits showed 

the largest spread along the first axis (Figure 2-7). The first axis of FCA analysis on 

biological traits (Q) showed positive correlations between having diapause stages as larvae or 

pupae, and small body size with multiple generations per year, while large body size 

correlated positively with desiccation resistance. The modes of respiration and locomotion, as 

well as body shape and emergence synchrony spread along the second FCA axis more than 

other traits. The second FCA axis showed a positive correlation between the close emergence 

synchronization and having no resistance against desiccation, while the least synchronized 

emergence correlated positively with having adult diapause stages. Trait categories such as 

aquatic stage, dispersal modes and reproduction period did not show strong correlations with 

either of the first two FCA axes. Also, desiccation resistance (e1) showed a negative 

correlation with the first FCA axis (Figure 2-8). Traits separated Ephemeroptera from others, 

primarily due to their close emergence synchrony (k1) and dorso-ventrally flattened body 

shape (j1). 
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2.3.2 RLQ analysis 

The RLQ analysis on the MKRF data showed that the summer low-flow parameters (R) 

and biological traits (Q) were significantly associated with the benthic macroinvertebrate 

community (repeated Monte Carlo, p<0.05 for 99.91% of the time). Together, the first two 

RLQ axes explained 94% of the total R-Q co-structure (Table 6). The correlation coefficient 

with L was 0.195 along the first RLQ axis, accounting for 34% of the first CA axis of L. The 

first RLQ axis accounted for 55% of the R’s inertia and 81% of the Q’s inertia.  

The intensity of low-flow events contributed to the observed separation of traits by the 

RLQ analysis the most followed by the duration (Figure 2-9). The duration and intensity had 

the strongest correlations with the first RLQ axis while the minimum discharge showed the 

least (Figure 2-9). The RLQ analysis separated mites (taxacode: acarin) and oligochaetes 

(taxacode: oligoc) from the rest of the taxonomic groups. No clear separation was seen 

between sampling sites (Figure 2-9).  

To visualize any patterns hiding within the summary biplots of R and Q, bar plots were 

created for the first two RLQ axes choosing traits that showed relatively strong correlations 

with the axes (Figures 2-10, 2-11 and 2-12). Similarly to the analysis of R by PCA, the first 

RLQ axis showed separations between years pre-2004 and post-2003 (Figure 2-10). All low-

flow variables except for the frequency showed positive correlations with post-2003 years. 

Duration and intensity had the strongest correlations with the first RLQ axis while minimum 

discharge showed the least correlation. The positive correlation between minimum discharge 

and pre-2004 years seen by PCA of R was not observed in RLQ. The first RLQ axis showed a 

positive relationship between the frequency and large-bodied epibenthic macroinvertebrates 

that disperse by water (Figure 2-11). The second RLQ axis related the abruptness of the 

lowest flow event and duration with lack of emergence synchrony and small body size 
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whereas desiccation resistance and large body size showed a positive correlation with the 

minimum discharge, intensity and frequency (Figure 2-12). 

 

2.4 Discussion 

2.4.1 Summer low-flow regime 

As stated in the natural flow regime paradigm (Richter et al. 1996; Poff et al. 1997), the 

forested headwater stream community structure seemed to be affected by the seasonal 

fluctuations in low-flow regimes. The clear separation between years 1998-2003 and 2004-

2007 is likely related to the patterns of decadal oscillation in the North Pacific (PDO; Mantua 

et al. 1997). Kiffney et al. (2002) have previously identified the relationships between PDO 

and discharges at MKRF for a 28-year period (1972-2000). According to the PDO Index, 

1998-2002 was dominated by the negative (‘cool’) phase while the positive (‘warm’) phase 

dominated 2003-2007 (Mantua 2009; Figure 2-13). Similar relations have been observed with 

the stream macroinvertebrates in UK responding to the North Atlantic Oscillation (NAO; e.g. 

Bradley and Ormerod 2001; Durance and Ormerod 2007), and in North America with El Niño 

Southern Oscillation (ENSO; e.g. Bêche and Resh 2007; Gilbert et al. 2008) both of which 

affect the precipitation patterns, and therefore the flow levels. The tendencies of the 

community stability (persistence of species) to be less stable after wet winters (i.e. lower 

summer flows) that were observed with respect to climate regimes (NAO – Bradley and 

Ormerod 2001; ENSO – Bêsh and Resh 2007) were not clearly observed in this study, though 

the composition seemed different. Durance and Ormerod (2007) attributed the correlations 

between the unstable persistence of macroinvertebrate community and positive NAO years 

(wet winter, dry summer) to the increased water temperatures. On the other hand, Bêche and 

Resh (2007) concluded that the precipitation regimes explained the decreased stability of 

macroinvertebrates in El Niño years (wet winter). In this study, since the water temperatures 
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do not increase with lowered flow as much due to canopy cover and groundwater inputs, the 

differences in precipitation patterns between warm and cold PDO phases are the most likely 

explanation for the observed patterns. The frequency, minimum discharge and duration 

showed relatively strong correlations with this separation between the two time periods 

(1998-2002 and 2003-2007). Frequency and minimum discharge correlated positively with 

1998-2002, which was dominated by the cool phase of PDO, while duration positively 

correlated with the warm phase (2003-2007). The positive correlation between duration and 

warm PDO phase was as expected by the reduced winter precipitation. These correlations 

suggest that warm phases of PDO bring drier summers with longer low-flow durations but not 

necessarily lower minimum discharge levels. On the other hand, cool phase PDO seems to 

experience occasional rainfall events during a summer that results in disruption of low-flow 

events, increasing the frequency and lowering the duration. Unlike in the PCA of low-flow 

parameters (R), RLQ analysis, i.e. when R was analyzed using taxa abundance (L) and trait 

(Q) information, identified the potential PDO shift between wet years (1998-2002) and dry 

years (2003-2007) with one year time lag (1998-2003 vs. 2004-2007). Only the frequency of 

low-flow events showed the positive correlation with the cool phase PDO (1998-2002) by 

RLQ analysis. This difference perhaps indicates that the positive correlation between the 

minimum discharges and cool phase PDO seen in the PCA of R was not a strong one. Overall, 

the warm phase PDO seems to favour benthic macroinvertebrates with r-selected traits (e.g. 

small body size, shorter life cycle and mobile; MacArthur and Wilson 1967; Krebs 2001) 

such as Dolophilodes spp. (Trichoptera: Philopotamidae), Ironodes spp. (Ephemeroptera: 

Heptageniidae) and Yoraperla spp. (Plecoptera: Peltoperlidae). The selection, which favours 

r-selected traits, perhaps suggests that in riffles, habitat compression (MacArthur 1972; 

Harvey et al. 2005; Chapter1) increases the density of benthic invertebrates. Hence, the 

interactions are perhaps not as important in pools and ponds as suggested. 
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2.4.2 Summer low-flow parameters 

The abruptness of the lowest flow in a summer contributed the least in this study, despite 

the potential importance of the initiation phase (i.e. abruptness) in acting as a cue for 

triggering behavioural adaptations against low-flow events (e.g. Hynes 1976; Brock et al. 

2003). This finding could be attributed to the way abruptness was calculated, dividing the 

difference between the last peak and the minimum discharge by the number of days it took to 

reach the lowest flow may not have represented how macroinvertebrates sense the decrease in 

discharge. Perhaps this way of calculating abruptness measuring the rate of decreasing flow 

over days is not sufficient to the exact cues used by macroinvertebrates to detect onset of low-

flow events. The time scale (in days) may have been too large a scale for macroinvertebrates. 

Also the potential diurnal fluctuation in flow levels due to evapotranspiration and 

groundwater input (e.g. Lundquist and Cayan 2002), which macroinvertebrates encounter, 

cannot be detected or inferred by this measure. 

Since both the intensity and minimum discharge indicate the most stressful point during 

the summer, it was rather surprising to see that they differed in their relationships with the 

benthic community. Perhaps the intensity, calculated here as the difference between average 

and minimum discharge of a summer, explains how benthic macroinvertebrates react to flow 

conditions more than just the minimum discharge of the year. Moreover, given the importance 

of the duration in explaining the relationships between traits and low-flow variables, the 

intensity that could potentially incorporate the overall conditions of the summer through the 

inclusion of average discharges explained the variations better. The differences between the 

strengths of intensity and frequency with respect to their correlations with the first RLQ axis 

would have suggested differences in the importance of resistance (intensity and duration) and 

resilience (frequency) in structuring the macroinvertebrate communities in these small 

forested streams (White and Jentsch 2001; Fritz and Dodds 2004). However, unlike high-flow 
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events, higher frequencies of low-flow events indicate that there were rain fall events 

disrupting an otherwise long low-flow period. Thus, in the case of low-flow events, frequency 

not only facilitates resilience (by possible establishment of connectivity between affected 

areas and refugia), but may also be related to rain events that support resistance by 

macroinvertebrates. 

 

2.4.2 Macroinvertebrate abundance and traits 

The trait-based approach was used in this study to analyse the trait variations among the 

benthic macroinvertebrates along summer low-flow parameters. This approach is more 

advantageous than a species-based approach as it is not constrained by taxonomy, allowing 

for the generalization across geographic ranges (Statzner et al. 2007). 

The correspondence analysis of relative taxa abundance (L) should show patterns of 

community structure relative to the habitats if habitats were different. The separation of 

species by their relative abundance (high vs. low) was expected since there was no clear 

difference in community compositions between sites, which would have given the greatest 

distances between macroinvertebrates in the ordination. The differences in the relative 

abundance could have resulted from habitat preferences of macroinvertebrates. Riffles and 

pools are known to be occupied by different groups of macroinvertebrates, while transients in 

either habitat occur during individual movements from or to their preferred habitats (e.g. 

Logan and Brooker 1983; Brown and Brussock 1991). Since all the samples came from riffles, 

riffle species should dominate over pool species, resulting in the separation in abundance seen 

here. 

The main traits that explained the observed variability in this study were the substrate 

relations, dispersal modes, life cycle types and body size. This explained the separation of 

mites, nematodes and oligochaetes from the rest of the taxonomic groups (Resh et al. 1994). 
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This is largely due to their large differences from aquatic insect taxa in these traits, especially 

the life history trait that mites and oligochaetes do not leave streams, unlike most insect taxa 

included in the study. Also, these three macroinvertebrate groups are known to be more 

interstitial and are sometimes separated from benthic macroinvertebrates (mainly insects) due 

to their substrate relations and small body size (e.g. Fenchel 1978). 

The positive correlation between large body size and possession of desiccation resistance 

suggests that perhaps, in the past, macroinvertebrates with larger body size were more 

susceptible to decreased flow as previously suggested (e.g. Huryn and Wallace 2000). Thus, 

they either have acquired desiccation resistance as a necessary adaptation in streams that 

experience summer low-flow events, or only desiccation-resistant forms survived. In addition, 

the positive correlation between large-bodied epibenthic macroinvertebrates that disperse 

mainly by water and the frequency of low-flow events suggests a behavioural adaptation 

against low-flow events by larger organisms. It is advantageous for macroinvertebrates to 

swiftly respond to the unpredictable changes in discharge levels (e.g. against high-flow 

events; Negishi and Richardson 2006), and avoiding low-flow events by the ability to move 

out of the affected area, for example via active drift (Brittain and Eikeland 1988; Jentsch et al. 

2007; James et al. 2008a) when occasional precipitation re-establishes the longitudinal 

connectivity.  

Synchronized emergence facilitates mate finding (Downes 1969) and dilutes the per capita 

chance of predation on aerial adult stages (Corbet 1957). The close emergence 

synchronization is thought to be an avoidance strategy towards relatively predictable 

disturbances such as annual or seasonal events (e.g. Gray 1981; Lytle 2002). So this 

correlation can be seen as evidence that emergence synchronization is a type of adaptation 

against desiccation as proposed by some researchers (Williams 2006). However, unlike in the 

case of pulse disturbances such as flash floods, the correlation between low-flow events and 
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emergence synchronization is hard to elucidate. This is due to the close associations between 

temperatures and insect development (e.g. Pittendrigh 1954; Jenkins et al. 2001), potentially 

causing a closer timing of synchronized emergence upon low-flow events (Merritt and 

Cummins 1996). For example, many mayflies are known to use temperature as cues to 

synchronize their lifecycle (Newbold et al. 1994), not necessarily as an adaptation for low-

flow events.  

 

2.5 Conclusion 

The RLQ analysis of the MKRF data related the summer low-flow events to the species 

abundance and biological traits, showing a significant underlying structure between them, and 

following the views of previous studies on the relationships between disturbance parameters 

and traits’ resistance and resilience. Intensity and duration of the low-flow events had the 

highest explanatory values on the observed community structures. Moreover, the headwater 

stream community analyzed here showed correlations with Pacific Decadal Oscillation as 

predicted by the hypothesis that summer low-flow events play a role in the structuring of the 

community. 

The limitation of this study lies in the small spatial scale and relatively short extent of the 

data analyzed. A synthetic approach such as meta-analysis incorporating other long-term 

studies on the relationships between the flow variability and biotic community within streams 

and rivers would be crucial to further our understanding of the relationships. In addition, 

corroboration with an experimental approach (e.g. flow diversion; Wills et al. 2006; James et 

al. 2008b) could allow us to build predictions for upon the future scenarios of climate change 

and provide frameworks for conservation. 
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Table 2-1. The characteristics of the three experimental sites in Malcolm Knapp Research 

Forest, Maple Ridge, British Columbia, used in this study (Kiffney et al. 2003). Buffer 

refers to the riparian treatment type applied for the project. Maximum daily temperatures 

reported here were measured in July-August 1998-2002 (Karlson et al. 2005; Gomi et al. 

2006) 

 Buffer Watershed 
area (ha) 

Summer 
base-flow 
discharge 
(L s-1) 

Max. daily 
temperature 
(°C) 

Elevation 
range (m) 

Stream 
gradient 
(%) 

Bankfull 
width 
(m) 

East Control 44 0-2 16.1 295-555 7 1-3 
Mike Control 25 0-6 16.7 240-310 6 2-4 
South 30 m 19 0-3 18.8 175-320 9 1-4 
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Table 2-2. Available macroinvertebrate abundance data for the three MKRF sites used in this 

study are indicated by the diagonal lines. Spring samplings were carried out in mid-May to 

June while Fall samplings were done in mid-September to October. 

Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall Spring Fall

East

Mike

South

2006 20072002 2003 2004 20051998 2000 2001
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Table 2-3. Descriptions of summer low-flow parameters in the environment-by-site table (R). 

A summer low-flow event was defined as any days with recorded discharges that were lower 

than the average discharge minus one standard deviation in a particular summer. One event to 

the next was distinguished by the presence of discharge above the threshold.  

Parameters Description 
Frequency (Fre) Total number of low-flow events 
Duration (Dur) Total number of days in the max low-flow event (days) 
Intensity (Int) Difference between the average and minimum discharge (Ls-1) 
Abruptness (Abr) Difference between the last peak and the min discharge 

divided by the number of days in between (Ls-1days-1) 
Minimum discharge (minQ) Minimum discharge recorded (Ls-1) 
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Table 2-4. The biological trait categories used to create the fuzzy-coded Q table. The traits 

were adapted from Bêche L.A. (Claude Bernard Université de Lyon; Unpublished data). Note 

that under Life Cycle, gen is short for generation. 

Trait Categories Code Modality

<20 mm a1
>20 mm a2 2

<= 1 yr; 1 gen/yr b1
<= 1 yr; >1 gen/yr b2
> 1 yr; <1 gen/yr b3 3

egg c1
larvae c2
adult c3 3

aquatic d1
aerial d2 2

desiccation resistant e1
diapause (egg) e2

diapause (larvae/pupae) e3
diapause (adult) e4

none e5 5

water dependant f1
water independent f2 2

mobile g1
epibenthic g2

endobenthic g3
attached g4 4

POM h1
biofilm h2
animal h3 3

November-April i1
May-October i2 2

flattened j1
cylindrical j2
spherical j3 3

hours k1
days k2

weeks k3 3

Reproduction
period

Body shape

Adult emergence
synchronization

Resistance mode

Respiration

Substrate relation

Food eaten

Body size

Life Cycle

Aquatic stage

Dispersal mode
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Table 2-5. Results for the first four axis components of individual ordination analyses (PCA, 

CA and FCA) on the three tables: R, L and Q. The total variances (sum of eigenvalues) for the 

ordinations were 5, 1.94 and 0.819, respectively. 

Principal component analysis of environment-by-site (R) 
Eigenvalues (1-4) 2.344  1.194  0.913  0.35 
% variance 46.9  23.9  18.3   7 
 
Correspondence analysis of species-by-site (L) 
Eigenvalues (1-4) 0.328 0.228 0.146 0.132 
% variance 16.9 11.7 7.5 6.8 
 
Fuzzy correspondence analysis of trait-by-species (Q) 
Eigenvalues (1-4) 0.141  0.114  0.093  0.08 
% variance 17.2  13.9   11.4   9.8 
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Table 2-6. RLQ Analysis results were summarized by first four axes. Eigenvalues with 

percentage of co-inertia accounted for by first four RLQ axes are shown in the first row, 

followed by the covariance and correlation between abundance scores (L) constrained by flow 

variables (R) and traits (Q), projected inertia of matrices R and Q projected onto the RLQ 

axes. The percentages of the potential inertia that each represents are shown in brackets. 

 Axis 1 (%) Axis 2 (%) Axis 3 (%) Axis 4 (%) 
RLQ axes eigenvalues 0.26 (73) 0.075 (21) 0.016 (5) 0.0052 (2) 
Covariance 0.51 0.27 0.13 0.072 
Correlation 0.20 (34) 0.13 (27) 0.074 (19) 0.060 (17) 
Projected inertia R 1.28 (55) 3.32 (94) 4.11 (92) 4.68 (98) 
Projected inertia Q 5.32 (81) 7.60 (66) 11.3 (71) 13.9 (73) 
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Figure 2-1. The map of stream sites in Malcolm Knapp Research Forest, Maple Ridge, B.C., 

Canada. The figure has been removed due to copyright restrictions. The information removed 

is Figure 1 of Kiffney et al. 2003. The streams from which the data used in this study 

originated are highlighted by thick circles (East, Mike and South Creeks). 



44 
 

0

10

20

30

40

50

60

70

80

90

D
is

ch
ar

ge
 (

L/
s)

Time (days)

a

b

1SDx −

0

10

20

30

40

50

60

70

80

90

D
is

ch
ar

ge
 (

L/
s)

Time (days)

0

10

20

30

40

50

60

70

80

90

D
is

ch
ar

ge
 (

L/
s)

Time (days)

a

b

1SDx −

 
 

Figure 2-2. A hydrograph depicting the definition of a summer low-flow event used in this 

study. The horizontal line indicates the threshold of an average discharge minus one standard 

deviation. Here, “a” indicates the lowest flow event while “b” is another low-flow event in the 

season. 
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Figure 2-3. Correlation circle of the five low-flow parameters from the environment-by-site 

(R) analyzed by principal component analysis (PCA). The five parameters are abruptness 

(Abr), duration (Dur), frequency (Fre), intensity (Int) and minimum discharge (minQ). For 

definitions of each parameter, see Table 2-3. The radius of the circle is one. Here, frequency 

and minimum discharges are positively correlated with each other while both of them are 

negatively correlated with discharge. 
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Figure 2-4. The plot of first PCA axis analyzing the low-flow variables (R) showing a clear 

correlation between the low-flow events and years except for intensity. The five parameters 

are abruptness (Abr), duration (Dur), frequency (Fre), intensity (Int) and minimum discharge 

(minQ). For definitions of each parameters, see Table 3. Frequency and minimum discharge 

best explained 1998-2002 while duration explained 2004-2007. 2003 showed a weak 

association with the separation of PCA axis 1 that could be attributed to wet versus dry years. 

The axis accounted for 46.9% of the total variance (Table 5). 
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Figure 2-5. The biplot of the first two axes from the correspondence analysis (CA) of relative 

species abundance (L) explained 28.4% of the total variance. Solid lines indicate the 0, 0 lines 

of x and y axes. The distance scale (d) is shown above indicating the distance each side of 

grey squares indicate (d = 1 CA score). For the list of taxonomic codes, see Appendix A. The 

separation along the first axis is due to the relative abundance of each taxonomic group 

(positive scores indicate rarer group) while that along the second axis is related to habitat 

preferences between pools (negative) and riffles (positive). 
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Figure 2-6. The biplot of the first two axes from the correspondence analysis (CA) of relative 

species abundance table (L) clustered by order or higher levels of taxonomy. Solid lines 

indicate the 0, 0 lines of x and y axes. Ordination plot scale (the distance of a side of grey 

square) is d = 1 CA scale, as indicated. Labels indicate the average scores, closed circles 

indicate taxonomic group scores outside of 95% confidence intervals (circles) No taxonomic 

group separated distinctively from others except for Oligochaeta. 
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Figure 2-7. Fuzzy-coded correspondence analysis (FCA) of biological traits (Q) plotted by 

traits. Solid lines indicate the 0, 0 lines of x and y axes. The distance scale (d=1 FCA scale) is 

shown indicating the length of a side of grey squares. Labels indicate the average scores of 

the trait modalities, closed circles show scores outside of 95% confidence intervals (lines). 

Total eigenvalues was 0.819 with the first two axes explaining 31.1% of the variance (Table 

5). For the descriptions of each trait and category, see Table 2-4. 
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Figure 2-8. The ordination plot from fuzzy correspondence analysis (FCA) of species-trait 

table (Q) shows the dispersion of traits. Solid lines indicate the 0, 0 lines of x and y axes. The 

distance scale (the length of a side of grey squares) is d=0.5 FCA scale as shown. Arrows 

indicate the direction sand magnitudes of the FCA scores for the trait modalities. For the list 

of trait categories, see Table 2-4. Total variance was 0.819 with the first four axes explaining 

52.3% of the total variance (Table 2-5). 
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Figure 2-9. Summary of RLQ analysis showing ordination biplots (top), correlations between axes (bottom left) and canonical weights of factors 

explaining the first biplots (bottom right) for low-flow variables (R) and biological traits (Q). A screeplot shows eigenvalues of first five axes. 
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Figure 2-10. The plot of sampling events averaged by year and low-flow variables along the 

first RLQ axis showing a clear separation of years till and after 2003. Frequency correlated 

positively with 2001-2003 period while all other low-flow variables did so with post-2003, 

indicating that the separation is due to wet (positive) versus dry (negative) years. The axis 

accounted for 72.8% of the total variance. 
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Figure 2-11. The plot of first RLQ axis showing the relationships between the low-flow 

variables (R) and biological traits (Q). Traits with less than absolute scores (i.e. distance along 

RLQ axis 1) of 0.06 were omitted. The separation of traits is due to wet (positive) versus dry 

(negative) years. The axis accounted for 55% of the R’s inertia and 81% of the Q’s inertia. 
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Figure 2-12. The plot of second RLQ axis relating the low-flow variables (R) and biological 

traits (Q). Traits with less than absolute scores (i.e. distance along RLQ axis 2) of 0.04 were 

omitted. The axis accounted for 40% of the R’s inertia and 65% of the Q’s inertia. 
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Figure 2-13. The pattern of Pacific Decadal Oscillation (PDO) from 1998 to 2007 is shown by 

the monthly PDO index. Positive PDO index (solid bar) correlates with warm-phase ENSO-

like conditions while negative PDO index (white bar) with cold-phase ENSO-like conditions 

(Mantua et al. 1997). Data obtained from Dr. N. Mantua, Joint Institute for the Study of the 

Atmosphere and Oceans, University of Washington through 

http://jisao.washington.edu/pdo/PDO.latest, last accessed on April 2nd 2009. 
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Chapter 3 Modelling the relationships between headwater stream aquatic insect 

community and summer low-flow events in the future scenarios. 

 
3.1 Introduction 

There is increased theoretical and empirical interest in the relationships between ecosystem 

functions and community structures, involving the functional trait types within the community 

in the past 15 or so years, including freshwater ecosystems and adjacent riparian areas (e.g. 

Resh et al. 1994; Townsend and Hildrew 1994; Townsend et al. 1997; Lambeets et al. 2009). 

The reason for this can be attributed to the increased understanding of the importance of the 

roles biotic communities play in ecosystem functions (e.g. Loreau et al. 2001) and the 

concerns about the conservation of natural systems (Bunn and Archington 2002). Trait-based 

approaches to understanding the community structures and the community’s roles in 

ecosystem functioning have gained much attention in the past decades (e.g. Cummins 1973; 

Calow 1987; Dolédec et al. 1999; Petchey and Gaston 2002; McGill et al. 2006). Trait-based 

approaches attempt to elucidate the relationships between biodiversity and ecosystem 

functioning through analyses of the trait variations among the organisms along environmental 

gradients (e.g. Townsend and Hildrew 1994; Statzner et al. 1997; Díaz et al. 2008). The main 

advantage of this approach, as opposed to a species-based approach, is the ease of 

generalization across different ecosystems, especially over geography, due to lack of 

taxonomic constraints (Statzner et al. 2007). However, concerns with possible declines in 

ecosystem stability associated with species loss (Hooper et al. 2005) suggest that an 

integrative approach utilizing both species and trait compositions would be better. 

Various future climate scenarios suggest that the potential impacts on freshwater 

ecosystems would likely be substantial (e.g. IPCC 1996; Hulme 2004; Chapter 1). The 

A version of this chapter will be submitted for publication. Murakami, A. and J.S. 
Richardson. Modelling the Relationships between the Future Summer Low-flow Events 
and the Benthic Insect Community in Forested Headwater Streams. 
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impacts would be seen more clearly in small streams and lakes where the buffering capacity 

against changes in precipitation patterns is low. These impacts will further be complicated by 

the increasing use of freshwater by humans (Waggoner and Schefter 1990; Gleick 1998; 

Palmer et al. 2008). 

Assessments of community composition with respect to environmental filters (Southwood 

1977, 1988; Poff 1996, 1997; Matthews 1998) would allow one to infer potential effects of 

filters on biodiversity and perhaps ecosystem functions but not the underlying mechanisms. 

The underlying mechanisms can be examined by studying the changes in trait composition of 

a community with respect to the filters (e.g. Townsend and Hildrew 1994). Therefore, 

examining both the species composition of a community and the suite of biological traits is 

crucial to understand the impacts that changes in climate variables have on biological 

communities. 

To further our understanding of the potential climatic impacts on biological communities 

in the future, the relationships between the community and low-flow events were investigated 

through modelling populations within the community. The modelling procedure focused on 

the differences in life histories and functional traits of the populations included in the 

community. Here, a community was treated as a collection of populations that exist together 

in space and time, but without any interaction terms between populations. The community 

was based on the aquatic insect community of the forested, headwater streams in Malcolm 

Knapp Research Forest, B.C. Canada. The suitability of headwater streams and aquatic insects 

to study the potential impacts of future climatic changes has already been introduced in 

Chapter 1). 

The purpose of this study was to analyze the potential impacts of future discharge 

scenarios on lotic insect communities by developing a set of population models based on 

observed patterns from existing empirical data (the 9-yr MKRF data; see Chapter 2 for the 
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descriptions of the data). The biological traits of the taxonomic groups (Q; see Table 2-4) 

were incorporated as a measure of each taxonomic group’s resistance against low-flow events.  

In this chapter, two questions were examined specifically. 1) How would a 10-year 

scenario with random low-flow events that are within the existing non-extreme range 

(scenario 1; sc1) affect the community structure, given the differences in the population 

viabilities against summer low-flow events? 2) How would the result of sc1 compare with the 

one from a 10-year scenario with increasing severity of summer low-flow events (sc2)? To 

simplify the model to answer the above questions, preliminary analyses utilizing two-table 

ordinations (see Appendix F for details) were used to determine which of the following low-

flow variables best explains the observed community composition provided that summer low-

flow events affect population dynamics: minimum discharge, frequency, duration, intensity or 

abruptness, (see Chapter 2). A community model was then developed as a set of models for 

populations that differ in their life cycle, starting densities and responses against low-flow 

events.  

 

3.2  Methods 

3.2.1 Model structure 

Four simple time-step population models (see Table 3-1 for descriptions) were created 

matching the four most common life cycle types seen in the MKRF communities. These four 

life cycle types were based on discrete differences in generations per year (1, <1, >1) and 

timing of the reproductive period (summer, not summer). Two low-flow event parameters 

chosen by the preliminary analyses were duration and minimum discharge (Appendix F). A 

total of 55 taxonomic groups (TGs) were included in this study (See Appendix G for the full 

list). Each TG was given a model code (LCcode; from A to D), a resistance code that was 

calculated according to its fuzzy-coded biological traits (rescode; Appendix D), and an initial 
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population density per m2 (N.zero.m2). LCcode was used to assign the appropriate model 

structure to each taxonomic group. The resistance codes were created to incorporate the 

biological traits into the models. For simplicity, scalars for resistance were set by categorizing 

each trait into either beneficial (0.5), neutral (1) or disadvantageous (2) against summer low-

flow events (Table 3-2). The resistance code of each TG was then calculated by taking the 

product of the resistance value and the proportion for that TG from fuzzy-coding. Note that 

when a TG had desiccation resistance (i.e. fuzzy-code for e1>0), the resistance code of 0.5 

replaced the sum (i.e. the desiccation resistance was assumed to override any disadvantageous 

traits). N.zero.m2 was calculated as the average relative density of each taxonomic group in 

the MKRF benthic invertebrate count data (see Appendix C for the relative abundance data).  

Summer mortality (ms) was assumed to be additive (Figure 3-1; Equation 1): mortality due 

to duration (mDur) and one due to minimum discharge (mminQ).  

QDurs mmm min+=                                                                                                          Equation 1 

To set mortality curves, the ranges of Dur and minQ were first standardized from 0-169 

days (the maximum number of days in a summer) and 0-1.5 Ls-1 to 0-1. For simplicity, mDur 

was assumed to follow a sigmoidal curve with 50% mortality rate reached at the duration of 

the 9-yr average duration + 2 standard deviations (Equation 2; Figure 3-2). In other words, the 

coefficient of 17.35 was calculated arbitrarily. 

01.0101.0

01.0
35.17

35.17

−+
=

Dur

Dur

Dur
e

e
m                                                                                          Equation 2 

The curve of mminQ was assumed to be sigmoidal with increased rate of change below the 

average minimum discharge until it reached a mortality rate of 0.7 at the lowest minimum 

discharge of zero (Equation 3; Figure 3-3). The highest mortality rate of 0.7 was chosen 

instead of 1 due to the observation that occurrence of 0 Ls-1 discharge is relatively common 



69 
 

(within 1 standard deviation) and multiple TGs seem to survive such events (the MKRF data, 

Chapter 2). 

7.017.0

7.0
min25
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e

e
m                                                                                          Equation 3 

Similarly, summer reproduction rate (rs) was set as Equation 4 where r is the non-summer 

reproduction rate (r). 

QDur
s err

min−×
×=                                                                                                           Equation 4 

Other parameters were arbitrarily set to the following in the simulations. Non-summer 

reproduction rate (r) was set to 2, while winter mortality (ms) to 0.2 and number of 

generations per year (g) to 2 when the number of generation per year was more than 1. Note 

that reproduction rates took into account the adult emergence rate, fecundity, egg survival and 

hatching rates. 

The four population models were then used to simulate community structures over a 10-

year time period with two different scenarios with respect to low-flow events. Scenario 1 

(sc1) treated low-flow events to be normally distributed around the 9-year average from the 

MKRF data, with each year of simulation taking a sample randomly from this distribution. 

Scenario 2 (sc2) assumed that the severity of low-flow events would increase each year 

reaching compound increase of 10% over the 10-year simulation time. Each population was 

simulated 1,000 times resulting in 1,000 community structures per scenario. All simulations 

were run using Program R (ver. 2.6-2.9.0; R Development Core Team 2008; 2009).  

 

3.2.2 Data analysis 

For each simulation result, three diversity indices were calculated: richness, Simpson’s and 

Shannon. All three widely used indices were included for potential comparisons with other 

studies since there is no standardization on which index to use. To compare the diversity 
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indices between the two scenarios (sc1 and sc2), each index was tested for normality using 

Shapiro-Wilk’s test. If the distribution was not normal (α=0.05), then the Wilcoxon Rank 

Sum test was used instead of a two-sample t-test to compare the means between sc1 and sc2. 

The proportions of each functional feeding group (FFG; Anderson and Sedell 1979) were 

calculated at time 10 of all simulations to be compared between the two scenarios. The FFG 

was assigned according to the fuzzy-coded traits (Appendix F). The proportions of shredders 

were tested for any significant difference between sc1 and sc2 as an example using either a 

two-sample t-test or a Wilcoxon (one or two sample/s) or Kruskal-Wallis (multiple samples) 

Rank Sum test depending on the results from the normality test (Shapiro-Wilk).  

Each taxonomic group’s local extinction rate over the 1,000 trials and an average time to 

extinction was calculated for each simulation result. A TG was considered “extinct” when the 

population density equalled 0. The pattern of extinction rate distribution over the 55 TGs was 

categorized into three extinction rate groups: High (extinction rate >0.8), Mid (0.06 to 0.8), 

and Low (<0.06) according to those obtained for sc1. To compare the differences in TGs’ 

responses towards the two scenarios, differences in extinction rates (sc_d) were calculated 

(sc2-sc1) for all TGs. Analysis of variance for fitted linear model was used to investigate if 

Order, Family, LCcode, N.zero.m2, rescode or extinction rate categories would explain the 

patterns seen in sc_d. In addition, to see if sc_d was related to any habitat preferences (e.g. 

riffle vs. pool) by TGs, information was gathered on habitat preferences using a USGS 

database (Vieira et al. 2006), field observations and other sources (e.g. E-fauna BC 2009). 

Gathered information was then fuzzy coded (Chevene et al. 1994) as proportions, e.g., a total 

of 27 records were found for perlod (Perlodidae; Plecoptera), of which 20 stated riffle as the 

preferred habitat resulting in a fuzzy code of perlod for riffle of 0.74. To simplify the 

comparisons between riffle and pool preferences, fuzzy codes > 0.5 for riffle were categorized 

as riffle group and the rest as pool group. The relationships between sc_d and riffle vs. pool 
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groups were analyzed using Wilcoxon Rank Sum test. ANOVA was used to test the 

relationships between the arbitrarily assigned extinction rate categories (High, Mid and Low) 

and riffle vs. pool groups. When ANOVA involving multiple samples resulted in rejecting the 

null hypothesis that there is no difference between the groups, Tukey’s Honest Significant 

Differences test (HSD) was used to find the category that differed from others. All analyses 

were run using Program R 2.9.0 (R Development Core Team 2009). 

 

3.3 Results 

3.3.1 Simulation 

The relative density of all taxa was simulated for the 2 scenarios (sc1 and sc2) 1,000 times 

using the 4 population models. For example, the simulations of five trials on three taxonomic 

groups (TGs) illustrate the differences in responses to low-flow events by different TGs 

(panels A vs. B vs. C in Figure 3-4) as well as differences between the scenarios (Figure 3-4). 

TGs can differ in their extinction rates or timings. For instance, the net-spinning caddisfly 

Dolophilodes (Doloph) had the highest extinction rates (Figure 3-4.A), while Ameletus spp. 

(Amelet) was amongst the least affected of TGs with extinction rate of zero (Figure 3-4.B). 

Doloph’s time to local extinction clearly shortened under sc2 compared to one under sc1.  

 

3.3.2 Time to extinction (sc1 vs. sc2) 

Time to extinction of TGs did not differ significantly between the two scenarios (Kruskal-

Wallis Rank Sum test; χ2 = 0.21, p = 0.64) with average extinction timings of 8.87 (sc1) and 

8.84 year (sc2), and average standard deviations of 0.84 (sc1 and sc2). Most TGs had the 

same average extinction timings for the two scenarios.  
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3.3.3 Extinction rates (sc1 vs. sc2) 

The model simulations showed that taxonomic groups differ in their response to the two 

future scenarios of low-flow event severity given here. Some showed significant differences 

between the two scenarios (Baetis spp., Palpomyia spp., Parapsyche spp., Tipula spp.), all of 

which were categorized as having medium local extinction rates (Figure 3-5). ANOVA of 

Order, Family, LCcode, N.zero.m2 and rescode with respect to sc_d showed no significant 

differences (ANOVA; e.g. F3,51 < 0.9, p > 0.4 for LCcode). When TGs were categorized into 

the three extinction rate groups (High, Mid and Low), Mid differed significantly from the 

other two groups (ANOVA; F2,52 = 73.7, p < 0.001; Figure 3-6). Furthermore, the arbitrarily 

chosen extinction rate categories could be explained by the habitat preferences of taxonomic 

groups (riffle vs. pool; ANOVA F1,53 = 6.62, p = 0.013). Within Mid, insect families 

explained the variations in sc_d significantly (ANOVA F15,5 = 6.67, p = 0.023). Tukey HSD 

showed that Rhyacophilidae significantly differed from Hydropsychidae (adjusted p = 0.028), 

Nemouridae (adjusted p = 0.036), Baetidae (adjusted p = 0.038) and Tipulidae (adjusted p = 

0.038) in their response to the two low-flow scenarios (sc_d). 

 

3.3.4 Community responses (sc1 vs. sc2) 

The differences in community response against the two low-flow scenarios can be seen by 

comparing the diversity indices. The calculated diversity indices for the two scenarios are 

summarized in Table 3-3. For both scenarios (sc1 and sc2), the distributions of richness and 

Shannon’s index were not normal (W < 0.995, p < 0.003). By Wilcoxon Rank Sum test, sc1 

and sc2 differed significantly for both Richness and Shannon’s index (Wilcoxon > 63383, p = 

0). Similarly, Simpson’s Index was found to differ significantly between the two scenarios (t 

= 6.74, p < 0.001). For all the above cases, sc2 showed lower values that sc1. Scrapers, 

Filterers and Deposit-feeders showed lower total proportions in sc2 then sc1 while Shredders 
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and Predators showed the opposite. For example, the proportions of Shredders at time 10 for 

sc2 was significantly higher than that of sc1 (Wilcoxon = 579645, p < 0.001; sc_d = 0.002).  

 

3.4 Discussion 

A set of population models applied to the benthic aquatic insects in riffles of forested, 

headwater streams revealed that traits can be used to predict insects’ responses to summer 

low-flow events. The benthic insect community could be categorized by their differential 

responses to the two scenarios into three groups that differ in their levels of preference for 

habitats, i.e. riffles or pools. This indicates that their traits are largely correlated with their 

habitat preferences. This observation is in agreement with the previous studies suggesting that 

the riffle and pool communities are different from each other (e.g. Logan and Brooker 1983; 

Brown and Brussock 1991). 

The results of simulations largely agreed with the observations from previous studies and 

predictions even though the models often did not incorporate the mechanisms. For example, a 

well-known rheostenic (‘confined to streams’; Jaag and Ambühl 1964) taxon, Simuliidae 

(Diptera), showed relatively high average extinction rates even though their dependence on 

current for respiration and feeding (Hynes 1970) was not incorporated into the models. 

Similarly, net-spinning caddisflies (Trichoptera), which also rely on current for feeding 

(Hynes 1970), appeared most vulnerable to summer low-flow events (Philopotamidae, 

Polycentropodidae and Hydropsychidae). Another caseless caddisfly family, Rhyacophilidae, 

also showed differential responses to the two low-flow event scenarios even though the 

difference was fairly small and their extinction rates were much lower than the other three. 

This difference could be attributed to the smaller body size of Rhyacophilidae or perhaps their 

multivoltine lifecycle (Leah A. Bêche, Claude Bernard Université de Lyon; Unpublished 

data) that was incorporated in the simulations. Rhyacophila spp. have been reported to be 
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reduced in abundance or extirpated by drought events (e.g. Delucchi 1988). Similarly, 

multiple taxonomic groups that showed mid to high extinction rates in this study have been 

reported vulnerable to drying events: e.g. Baetis spp., Ephemerella spp., Capniidae, 

Glossosoma spp., Hydropsyche spp. and Dolophilodes spp. (Delucchi 1988). 

Large-bodied taxa were assumed to be more susceptible to low-flow events than smaller 

taxa (Huryn and Wallace 2000). The assumption held for Perlidae (Plecoptera; 89-96% 

extinction rates) but not for Pteronarcyidae (Plecoptera), even though the elimination of both 

families due to drying has been reported (e.g. Chadwick and Huryn 2005). The only 

Pteronarcyidae included in this study was Pteronarcys californica and this particular species 

has been reported to survive in temperate, intermittent streams (Muchow and Richardson 

2000). The discrepancy probably arose from the differences in the dry conditions between the 

two studies. The large size of Pteronarcyidae seems to be vulnerable under the climate of 

south eastern U.S. (Chadwick and Huryn 2005), in which the temperature is much higher than 

that of streams in the North Pacific temperate rain forests (Muchow and Richardson 2000). 

Another large-bodied species in these streams with two or more year life cycle is the 

dragonfly Cordulegaster dorsalis (Marczak et al. 2006), which was not included in this study 

due to their low abundance.  C. dorsalis in this area has been found to survive late summer 

drying event by seeking refuge in shrinking pools. 

Although having a longer life cycle (two years in this case) seems disadvantageous to 

seasonal low-flow events (Huryn and Wallace 2000) as they experience the effects twice as 

often as others when even once seems bad to survive a potentially extreme event, the densities 

of these taxonomic groups did not differ significantly from others. For example, Despaxia 

augusta (Plecoptera: Leuctridae) showed an extinction rate of zero under both scenarios. 

Moreover, this result is in agreement with the previous observations of Despaxia augusta 

occupying a large proportion of benthic communities in temperate, intermittent streams 
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(Richardson 2001; Banks et al. 2007). This was rather surprising as unlike the suggestion by 

Banks et al. (2007), resistance codes incorporated here had no information on physical refugia 

or behavioural adaptations to escape low-flow events.  

Despite their records of surviving in small, forested streams with intermittent flow 

(Muchow and Richardson 2000), Soyedina producta and Zapada cinctipes (Plecoptera: 

Nemouridae) showed moderate susceptibility to low-flow events according to their traits, 

unlike in the cases of Pteronarcys californica (Plecoptera: Pteronarcyidae) and Malenka spp. 

(Plecoptera: Nemouridae). This implies that tactics of S. producta and Z. cinctipes on 

surviving dryness are behavioural rather than physiological ones, since the traits incorporated 

in this study lacked behavioural avoidance of low-flow events (reviews in Lytle 2008). Upon 

drying of streams and rivers, a Plecopteran’s behaviour of seeking refugia by burrowing into 

the hyporheic zone has been documented, especially for Capniidae and Taeniopterygidae, 

along with some Diptera (e.g. Harper and Hynes 1970; Gray and Fisher 1981; Boulton et al. 

1992).  

The significant differences between the community responses to the two low-flow 

scenarios indicate the importance of future climate scenarios on the persistence of aquatic 

insects, which in turn is a structural measure of ecosystem integrity (Death et al. 2009). The 

decrease in the relative abundance of shredders with low-flow events have been reported 

around the world due to increased water temperature (Oregon, U.S. – Dietrich et al. 1997; 

Arizona, U.S. – Bogan and Lytle 2007; U.K. – Durance and Ormerod 2009; Malaysia - Yule 

et al. 2009), eutrophication (Montana, U.S. – Ward and Stanford 1984; Spain – Camargo and 

de Jalón 1990; Portugal – Cortes et al. 1998, 2002) or possibly due to the reduced velocity 

(Italy – Fenoglio et al. 2007), habitat (Czech Republic – Řezníčková et al. 2007) or lateral 

connectivity (Georgia, U.S. - Griswold 2008). In this study, half of the shredders showed 

medium extinction rates (e.g. Elmidae: Lara sp.) similar to the expectation from their 
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sensitivity to various abiotic factors mentioned above. However, the rest showed fairly low 

extinction rates suggesting perhaps that their sensitivity to increased water temperatures is 

stronger than the one for reduced physical factors such as reduced discharges and habitat 

volume. Moreover, the relative abundance of shredders was, on average, higher for the 

scenario with increasing severity of low-flow events due to declines in the abundance of filter 

feeders and scrapers. This discrepancy from the existing literature could be due to the 

disconnection between low-flow events and stream temperatures in this study or the types of 

traits chosen to build the population models with (e.g. adult longevity, emergence timing and 

fecundity). Under low-flow or drought conditions, stream temperatures are often found to 

have larger impacts on aquatic insect assemblages than do discharges (e.g. Stubbington et al. 

2009). Also, the small spatial scale considered here may explain this discrepancy compared to 

the existing studies that often encompass regions with different stream sizes (see above for 

examples).  

An increase in low-flow severity of 10% over 10 years seems enough to affect the local 

community structures significantly. Lowered species richness can directly lower the 

community’s contributions to ecosystem productivity even if the redundancy of functional 

traits was present. For example, loss of Lepidostoma unicolor (Trichoptera: 

Lepidostomatidae) in an experimental setting could not be compensated for by an increased 

abundance of remaining species (Ruesink and Srivastava 2001). In this study, although 

classified under the low local extinction rate category, L. unicolor did not escape the 

increased severity, suggesting that this level of change in severity could lower the ecosystem 

functions of streams. Moreover, the negative impacts observed here are predicted to be more 

severe in reality because the complications due to species interactions (e.g. competition and 

predation) were not incorporated in the model. This leads to a concern for the conservation of 
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benthic aquatic insect communities since the future changes to low-flow events could be as 

high as 50% of the current level (e.g. Schneider et al. 1990).  

There was no immigration allowed in all models despite the importance of refugia and 

recolonization sources (Fagan 2002), thus the results can only be extrapolated for a closed 

community and may have few direct analogies in the real world. In reality, the space created 

by local extinctions of some taxa allows other taxa to colonize during (Georgia et al. 2006) or 

after (reviews in Boulton and Lake 2008) such disturbances. In the case of headwater streams, 

the downstream reaches (i.e. nearby permanent reaches) can act as sources of colonization 

(Delucchi 1988; del Rosario and Resh 2000), especially since most species present in the 

intermittent stream community are also present in the permanent streams (Richardson 1992; 

2001). Also, since site-specific features mediate the effects of disturbance, the small spatial 

scale used here is problematic for further extrapolation of the findings to larger spatial scales. 

For example, stream bed type affects the refugia availabilities during low-flows. When a 

stream bed is porous (i.e. not bedrock), pools may be maintained by hyporheic flow (Stanley 

et al. 1997) or springs (Dahm et al. 2003) percolating through the channel bed. In other words, 

a lack of perceptible surface flow does not indicate that of groundwater connectivity. If the 

extinction rates simulated in this study using the population models could be compared to the 

immigration rates during the recolonization phase, and the rates of extinction are higher than 

those of immigration, then the effects of summer low-flow events on headwater stream 

community can be thought to follow the intermediate disturbance hypothesis (Petraitis et al. 

1989). 

An increase in inter-annual variations of precipitation and drought (or flood) frequency is 

projected in the future (Hulme 2004). The observed effects of an increase in low-flow event 

severity by 10% on an aquatic insect community of riffles in headwater streams signal the 

need for immediate attention to the underlying mechanisms and implications for conservation 
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of lotic systems. The changes in community structures could alter the ecosystem functions 

(Loreau et al. 2001), especially under the influences of disturbance events (Cardinale and 

Palmer 2002). Additional concerns related to reduction in flows include reduced water quality 

(e.g. Chessman and Robinson 1987), increased concentrations of pollutants (e.g. Boulton and 

Lake 1990) or salts (e.g. Lind et al. 2006) and increased water temperatures (e.g. Durance and 

Ormerod 2009) that were not considered in this study. Therefore, in reality, the effects of 

increased severity in low-flow events would have much larger effects on lotic community 

structures.  

In conclusion, the two scenarios for low-flow parameters (random vs. increased severity) 

showed the importance of future climate scenario with intensifying extreme events on 

disturbing benthic insect communities. The simulations of the developed population models 

showed that a trait-based approach can identify sensitivities to different scenarios through 

differing extinction rates of aquatic insects. Although suggested by the differences in benthic 

community responses towards the two low-flow event scenarios, connecting the effects of 

low-flow events on macroinvertebrates to the effects on ecosystem functions still requires 

further investigation (e.g. Castella et al. 1995; Dewson et al. 2007a; 2007b; James et al. 2008).  

The importance of low-flow events on lotic community structures is now recognized (Lytle 

and Poff 2004; Monk et al. 2008), especially for supraseasonal droughts (Boulton and Lake 

2008; Stubbington et al. 2009). However, the difficulties in studying the mechanisms that 

connect the reduced flow and community structures still exist, largely due to the regional 

differences in low-flow events and biotic responses (Boulton 2003; Demuth and Young 2004; 

Boulton and Lake 2008: Monk et al. 2009). These difficulties could potentially be overcome 

by the use of trait-based approaches in combination with the suggested river classifications by 

flow regime regions (Monk et al. 2008). The benefits of the trait-based approaches to the 

relationships between environmental conditions and biotic communities are apparent (e.g. 
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Statzner et al. 1997; Bonada et al. 2007), however, the approaches are not always applicable. 

One main problem with aquatic insect communities, in particular, is the lack of trait 

information at genus levels. Trait information at genus levels can be crucial as aquatic insects 

often show a wide range of traits within a family. The recent efforts to compile catalogues of 

traits for aquatic insects in Europe (e.g. Statzner et al. 2007) and North America (e.g. Vieira et 

al, 2006) that are accessible to the public should assist the trait-based approaches greatly, and 

such efforts for other regions of the world are in need. Another confounding factor is the large 

temporal scale required for studying the underlying mechanisms. The required temporal scale 

is often outside of most research projects’ time frame (Lake 2003). The increasing amount of 

long-term monitoring projects (longer than 10 years) around the world (e.g. U.K. - Bradley 

and Ormerod 2001; Monk et al. 2006; U.S. - Bêche et al. 2006) should assist in furthering our 

understanding of such mechanisms. Although long-term studies could potentially bias 

towards reporting increased community variability by including more environmental 

variability (Bengtsson et al 1997; Haddad et al. 2002; but see e.g. Scarsbrook 2002; 

Woodward et al. 2002; Griswold et al. 2008). 
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Table 3-1. Summary of the four population models for the different life cycles. Life Cycle of 

D was assumed to be 2 years. Reproduction periods were divided into November-April (non-

summer) and May-October (summer). N = population size, t = time in years, m = mortality 

rate, r = reproduction rate, g = number of generation per summer that was assumed to be 2 for 

simplicity, s = summer, w = winter, J1 = first year population size and J2 = second year 

population size. 

LCcode Life Cycle (year) # generation/year Reproduction period 
A ≤ 1  1 non-summer 

 )1()1( wst mrmNN −−=∆                                                              Equation A 

B ≤ 1  1 summer 

 )1()1( wsst mrmNN −−=∆                                                             Equation B 

C ≤ 1  >1 summer 

 
 

)1()1( w
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sst mrmNN −−=∆                                                            Equation C 

D > 1 <1 summer 
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Table 3-2. The summary of resistance classes assigned to each of the chosen trait categories. 

The classification was based on traits with respect to summer low-flow events: beneficial 

(scalar = 0.5), neutral (1) or disadvantageous (2). The resistance classes were assigned relative 

to each category within a trait (i.e. at least one category in a trait received the neutral effect). 

Categories Categories Effect Example References 
Body size   

 <20mm 1 
 >20mm 2 

Huryn and Wallace 2000 

Dispersal modes   
 aquatic 1 
 aerial 0.5 

Boulton et al. 1992 
Lytle 2008 

Resistance modes   
 desiccation 0.5 
 diapause.egg 0.5 
 diapause.larvae/pupae 0.5 
 diapause.adult 0.5 
 none 1 

Hynes 1970;  
Wiggins 1973; 

Wissinger et al. 2003 

Respiration modes   
 aq.dep 2 
 aq.indep 1 

Lytle 2001 

Locomotion modes   
 mobile 1 
 epibenthic 1 
 endobenthic 0.5 
 attached 2 

Boulton 2003 
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Table 3-3. The comparisons of two scenarios on the diversity indices calculated for the 10-yr 

simulations. S is the number of species present at year 10. D was calculated as ∑
=

S

i

ip
1

2  and H 

was calculated as ∑
=

−

S

i

ii pp
1

2log , where pi stands for the proportion of ith species. Both D and 

H were calculated using the R package VEGAN (Oksanen et al. 2009).  

 
 Species richness (S) Simpson’s (D) Shannon (H) 
Scenario 1 2 1 2 1 2 
mean 41 39 0.52 0.54 1.05 0.98 
SD 2.0 2.2 0.0714 0.070 0.156 0.149 
min-max 34-46 33-47 0.29-0.72 0.30-0.73 0.59-1.59 0.58-1.54 
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Figure 3-1. Total summer mortality (ms) curve ranging from zero to one was used for 

simulations. The mortality curve of minimum discharge (mminQ) and that of duration (mDur) 

were added to create ms (Equations 1 to 3; Figures 3-2 and 3-3). Both minQ and Dur are 

unitless as they were 0-1 standardized. 

Dur 

m
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Figure 3-2. Mortality curve per generation due to the duration of the lowest flow event 

(mDur) used for simulations. mDur was assumed to follow a sigmoidal curve that reaches 

mortality of 0.5 (dotted horizontal line) at the duration of 9-year average (Dur
____

; red arrow) + 2 

standard deviations (blue vertical line). See Equation 2 for the mathematical equation. 
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Figure 3-3. Mortality curve per generation due to minimum discharge (minQ) used for 

simulations. The curve was set to start increasing at the average (MinQ
___

) till it reaches 

mortality rate of 0.7 at the lowest discharge. See Equation 3 for the mathematical equation. 
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Figure 3-4. Examples of 5 simulated 10-year trends in population density for 3 taxa. 

Dolophilodes spp. (Trichoptera: Philopotamidae) showed the highest extinction rate of 0.9-1 

(Panel A). Parapsyche spp. (Trichoptera: Hydropsychidae) showed significantly different 

extinction rates between the two scenarios (Panel B). Ameletus spp. (Ephemeroptera: 

Ameletidae) showed the lowest extinction rate of 0 (Panel C).

A 

B 

C 

Scenario 1 Scenario 2 
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Figure 3-5. The comparison of the extinction rates between the two scenarios for all 

taxonomic groups. For each taxon, the grey bar is the average extinction rate over 1,000 

simulations for scenario 2 (increased severity) and the white bar (scenario 1, long-term 

average) is overlaid on top the grey bar. Error bars indicate standard deviations. Taxonomic 

groups with extinction rates of zero (“Apatan”, “Chelif”, “Cinygm”, “Crypto”, “Despax”, 

“Dicran”, “Dixasp”, “Dysmic”, “Empidi”, “Epeoru”, “Hexato”, “Neoher”, “Neophy”, 

“Swelts” and “Tipuli”) are not shown here except for “Amelet” as an example. See Appendix 

A for the identities. Rectangles indicate taxonomic groups with significant differences in their 

extinction rates between the two future climate scenarios. High, Mid and Low indicate the 

arbitrary groupings created based on their extinction rates for scenario 1 (0.8<High, 

0.06<Mid<0.8, Low<0.06). 
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Figure 3-6. Comparing the extinction rate differences (sc2-sc1) between the three groups 

formed according to their extinction rates. High = groups with 0.8<sc1, Mid = groups with 

0.06 <sc1 <0.8, Low = groups with sc1 <0.06. Error bars indicate the 95% confidence 

intervals of the differences calculated using the Tukey Honest Significant Differences (HSD). 

Mid group is significantly different from both High and Low groups in the extinction rate 

differences between two scenarios. 
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Chapter 4 Prospects for climate change impacts on small stream ecosystems and 

research needs 

Historical background of the study 

Recently, there has been an increasing awareness about the lack of our understanding about 

the impacts of low-flow events on instream communities (e.g. Death 2002; Boulton 2003; 

Lake 2003; Boulton and Lake 2008). In the previous century, we had a relatively low 

understanding of at least three aspects. First, there was no accepted view on what the most 

appropriate hydrological measures are for investigating the impacts of low-flow events (Monk 

et al. 2006). Second, integration of hydrology and ecology were relatively rare (but see 

Richter et al. 1997). This was largely due to lack of long-term hydrological and biological 

data. Third, even when the data were available, quantifying the relationships between flow 

parameters and community indices was scarce (but see Jowett and Duncan 1990). Recent 

studies have attempted to fill the gaps, especially with the increased use of approaches such as 

ordinations and functional traits (e.g. Bêche and Resh 2007). For example, Monk et al. (2006) 

analyzed 83 rivers in England and Wales to determine what the most appropriate hydrological 

measures are, using community indices at the family level. Several recent studies utilized 

long-term hydrological and biological data to assess the relationships between hydrology and 

ecology (e.g. Bradley and Ormerod 2001; Bêche et al. 2006; Chessman 2008). However, they 

often encountered difficulties in pinpointing the relationship due to confounding by 

physicochemical attributes such as anthropogenic changes in water quality (e.g. Daufresne et 

al. 2007) or indirect effects of low-flow events such as increased temperature (e.g. Bogan and 

Lytle 2007) and salt concentration (e.g. Lind et al. 2006), rather than changes in habitat size 

or velocity (e.g. Miller et al. 2007). Others encountered difficulties in generalizing over 

stream types and sizes (e.g. Upland vs. Lowland rivers; Castella et al. 1995) as these two 
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factors play an important role in shaping the community structures. Also, some studies used 

biological data at the family level (e.g. Monk et al. 2006; Chessman 2008), which is easier for 

long-term monitoring but may miss some crucial ecological feature such as keystone species 

or key traits due to diversity within a family. The forested, headwater streams targeted in this 

study provided a unique opportunity to focus on the physical aspects of low-flow events and 

their impacts on the benthic invertebrate communities for the following reasons. The streams 

studied here are spring- and/or groundwater-fed (Kiffney et al. 2002), allowing for the 

minimum increase in water temperature with reduced flow, if any (Table 2-1), together with 

shading from the dense canopy cover (Kiffney et al. 2003). A similar pattern of this 

disconnection between discharges and temperatures was seen in experimental manipulations 

on small streams in New Zealand (James et al. 2008). Anthropogenic disturbances to the 

streams are minimal since the forest fire in 1931 as they are either the control (East and Mike 

Creeks) or 30-m buffer (South Creek) sites for studying the effects of forest harvesting on the 

streams and adjacent riparian ecosystems (Kiffney et al. 2003). Choosing small stream size 

allowed us to minimize the impact of reduced lateral connectivity suggested by previous 

studies (e.g. Bunn and Arthington 2002; Boulton 2003; Lake 2008). The MKRF riparian 

project has been monitoring the benthic macroinvertebrates of riffles since 1997 and samples 

are identified to as low as species level, providing the opportunity to explore the community 

response at a much finer scale. Moreover, the potential increase in competition between 

individuals for resources, which is an indirect effect of decreased flow (e.g. Boulton 2003; 

Dewson et al. 2007), seemed negligible in this study (Chapter 2). This is probably due to 

choosing the riffles over pools that resulted in minimizing the complexity of low-flow events 

(described extensively by Boulton 2003 for example). 
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Findings of this study 

Together, the two chapters successfully answered the two proposed questions through 

analysis of empirical data (Chapter 2) and modelling (Chapter 3). How macroinvertebrate 

communities respond to the inter-annual variations in frequency, duration, intensity and 

abruptness of summer flow regimes in small headwater streams, and how community 

structure in headwater streams will change as a result of the different responses by 

macroinvertebrate groups towards shifts in the frequency, duration, intensity and abruptness 

of low discharge regimes in summer. 

Chapter 2 showed a significant relationship between the summer low-flow events and 

benthic macroinvertebrate communities through three-table ordinations on the existing long-

term monitoring data. The community structure was correlated with Pacific Decadal 

Oscillation (Mantua et al. 1997) through the changes in flow regimes, following the original 

hypothesis. The intensity and duration of low-flow events were identified to explain the 

observed changes in community structure, favouring r-selected traits, the most. 

Chapter 3 showed the differential impacts of the two future low-flow event scenarios 

(random vs. increased severity of duration and minimum discharges) through modelling 

individual populations according to their traits. The simulations using the two scenarios 

identified a classification that separated aquatic insects into three groups of differing 

sensitivities to such scenarios. The resulting community structures for the two scenarios 

differed significantly over all indices considered (species richness, Shannon’s diversity index, 

Simpson’s index and relative proportions of functional feeding groups).  

 
Limitations of this study 

There are at least four limitations to this study for the results to be extrapolated and applied. 

First, the study could only incorporate three streams within a temperate forest, providing very 



99 
 

weak power for any extrapolation of its findings. Second, the extrapolation is also limited by 

the small spatial scale involved in this study and its uniqueness discussed above. However, 

the findings of this study should still be applicable as an increase in the knowledge missing to 

understand the mechanisms of how low-flow events affect lotic communities. The uniqueness 

of this system could further be utilized through an experimental approach like flow diversions 

(e.g. Wills et al. 2006; James et al. 2008). Third, consequences of previous years’ conditions 

such as cumulative or lag effects (e.g. Boulton and Lake 1992) could not be assessed through 

the approaches taken here. For example, Bêche and Resh (2007) found that prolonged drought 

over years can result in increased temporal constancy of lotic communities both in dry and 

wet seasons. Fourth, rapid recoveries of macroinvertebrates following the low-flow events 

(e.g. Williams and Hynes 1977; Caruso 2002; Churchel and Batzer 2006) are likely to be 

underestimated in this study due to not incorporating refuge availabilities for instance. 

 
Future directions 

This research clearly indicated the importance of low-flow events on structuring the lotic 

macroinvertebrate community and the implications for future changes in the community due 

to predicted changes in hydrologic regimes as suggested by others (e.g. a recent review by 

Boulton and Lake 2008). With the current climate change forecasts (Hulme 2004) and 

increases in human need for freshwater (Poff et al. 2003), the lotic ecosystem is facing a 

rather strong environmental filter (Rood et al. 2008). Some argue for the need to apply the 

landscape ecology approach to lotic and adjacent riparian systems (Wiens 2002). Studies over 

large spatial and temporal scales are necessary to advance the recently founded discipline of 

ecohydrology (or hydroecology) and to apply for conservation and/or restoration projects.  
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Appendix A. Taxonomic group codes used throughout the thesis. 
taxacode Phylum Class Order Family Genus 
Acarin  Arthropoda Arachnida Acari   
Amelet  Arthropoda Insecta Ephemeroptera Ameletidae Ameletus           
Anagap Arthropoda Insecta Trichoptera Glossosomatidae Anagapetus 
Apatan Arthropoda Insecta Trichoptera Apataniidae Apatania 
Arctop Arthropoda Insecta Trichoptera Hydropsychidae Arctopsyche 
Baetis  Arthropoda Insecta Ephemeroptera Baetidae Baetis             
Caline  Arthropoda Insecta Plecoptera Perlidae Calineuria 
Cerato Arthropoda Insecta Diptera Ceratopogonidae  
Chelif  Arthropoda Insecta Diptera Empididae Chelifera  
Chiron Arthropoda Insecta Diptera Chironomidae  
Chloro Arthropoda Insecta Plecoptera Chloroperlidae  
Cinygm  Arthropoda Insecta Ephemeroptera Heptageniidae Cinygma            
Crypto Arthropoda Insecta Trichoptera Limnephilidae Cryptochia 
Despax Arthropoda Insecta Plecoptera Leuctridae Despaxia 
Dicran  Arthropoda Insecta Diptera Tipulidae Dicranota          
Dixasp  Arthropoda Insecta Diptera Dixidae Dixa 
Doloph  Arthropoda Insecta Trichoptera Philopotamidae Dolophilodes       
Dorone Arthropoda Insecta Plecoptera Perlidae Doroneuria 
Drunel Arthropoda Insecta Ephemeroptera Ephemerellidae Drunella 
Dysmic  Arthropoda Insecta Megaloptera Corydalidae Dysmicohermes 
Empidi  Arthropoda Insecta Diptera Empididae  
Epeoru Arthropoda Insecta Ephemeroptera Heptageniidae Epeorus 
Forcip  Arthropoda Insecta Diptera Ceratopogonidae Forcipomyia        
Glosso Arthropoda Insecta Trichoptera Glossosomatidae Glossosoma 
Hepta1  Arthropoda Insecta Ephemeroptera Heptageniidae  
Hespla  Arthropoda Insecta Plecoptera Perlidae Hesperoperla 
Hetero Arthropoda Insecta Trichoptera Calamoceratidae Heteroplectron 
Hexato  Arthropoda Insecta Diptera Tipulidae Hexatoma           
Ironod Arthropoda Insecta Ephemeroptera Heptageniidae Ironodes 
Kathro Arthropoda Insecta Plecoptera Chloroperlidae Kathroperla 
Kogotu Arthropoda Insecta Plecoptera Perlodidae Kogotus 
Larasp Arthropoda Insecta Coleoptera Elmidae Lara 
Lepido  Arthropoda Insecta Trichoptera Lepidostomatidae Lepidostoma        
Limnep  Arthropoda Insecta Trichoptera Limnephilidae  
Malenk  Arthropoda Insecta Plecoptera Nemouridae Malenka    
Micras  Arthropoda Insecta Trichoptera Brachycentridae Micrasema          
Nemato Nematoda     
Neoher  Arthropoda Insecta Megaloptera Corydalidae Neohermes          
Neophy  Arthropoda Insecta Trichoptera Uenoidae Neophylax  
Oligoc  Annelida Clitellata Oligochaeta   
Ostrac  Arthropoda Ostracoda    
Palpom Arthropoda Insecta Diptera Ceratopogonidae Palpomyia 
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Appendix A (continued). 
taxacode Phylum Class Order Family Genus 
Paralp  Arthropoda Insecta Ephemeroptera Leptophlebidae Paraleptophlebia   
Paraps Arthropoda Insecta Trichoptera Hydropsychidae Parapsyche 
Pchoda  Arthropoda Insecta Diptera Psychodidae Psychoda  
Perldu  Arthropoda Insecta Plecoptera Perlodidae  
Perlid  Arthropoda Insecta Plecoptera Perlidae  
Planar  Platyhelminthes Turbellaria Tricladida Planariidae  
Polyce Arthropoda Insecta Trichoptera Polycentropidae Polycentropus      
Pteron Arthropoda Insecta Plecoptera Pteronarcyidae Pteronarcys 
Rhyaco  Arthropoda Insecta Trichoptera Rhyacophildae Rhyacophila        
Simuli  Arthropoda Insecta Diptera Simuliidae Simulium 
Soyedi Arthropoda Insecta Plecoptera Nemouridae Soyedina 
Stenon  Arthropoda Insecta Ephemeroptera Heptageniidae Stenonema          
Swelts  Arthropoda Insecta Plecoptera Chloroperlidae Sweltsa            
Tipula  Arthropoda Insecta Diptera Tipulidae Tipula             
Tipuli  Arthropoda Insecta Diptera Tipulidae  
Visoka Arthropoda Insecta Plecoptera Nemouridae Visoka 
Wormal  Arthropoda Insecta Trichoptera Philopotamidae Wormaldia          
Yorape Arthropoda Insecta Plecoptera Peltoperlidae Yoraperla 
Zapada Arthropoda Insecta Plecoptera Nemouridae Zapada 

 



105 
 

Appendix B. Fuzzy coded species traits (Q). 
taxacode a1 a2 b1 b2 b3 c1 c2 c3 d1 d2 e1 e2 e3 e4 e5 f1 f2

Acarin 1 0 0 0.25 0.75 0.33 0.33 0.33 1 0 0 0.17 0.17 0.39 0.28 1 0

Amelet 1 0 0 0.75 0.25 0.5 0.5 0 0.57 0.43 0 0.31 0.12 0.12 0.44 1 0

Anagap 1 0 0 1 0 0.5 0.5 0 1 0 0 0 0.5 0 0.5 1 0

Apatan 1 0 0 1 0 0.5 0.5 0 0.5 0.5 0 0.17 0.39 0.17 0.28 1 0

Arctop 0 1 0.25 0.75 0 0.5 0.5 0 0.75 0.25 0 0 0.5 0 0.5 1 0

Baetis 1 0 0 0.4 0.6 0.5 0.5 0 0.86 0.14 0 0.25 0 0 0.75 1 0

Caline 0.25 0.75 1 0 0 0.5 0.5 0 0.6 0.4 0 0 0 0 1 1 0

Cerato 1 0 0 0.46 0.54 0.25 0.75 0 0.57 0.43 0 0 0 0.17 0.83 1 0

Chelif 1 0 0 0.6 0.4 0 1 0 0.67 0.33 0.03 0.14 0.12 0.12 0.59 1 0

Chiron 0.86 0.14 0 0.25 0.75 0 1 0 0.6 0.4 0 0.1 0.23 0.1 0.57 0.8 0.2

Chloro 0.73 0.27 0.22 0.67 0.11 0.5 0.5 0 0.77 0.23 0 0.09 0.09 0.09 0.73 1 0

Cinygm 1 0 0 1 0 0.5 0.5 0 0.5 0.5 0 0 0 0 1 1 0

Crypto 1 0 1 0 0 0 1 0 0.5 0.5 0.5 0 0 0 0.5 1 0

Despax 1 0 0.5 0.5 0 0.5 0.5 0 0.67 0.33 0 0.5 0.21 0.21 0.07 1 0

Dicran 1 0 0 0.75 0.25 0.33 0.67 0 0.75 0.25 0 0.25 0.12 0.12 0.5 0.25 0.75

Dixasp 1 0 0 1 0 0.5 0.5 0 0.8 0.2 0 0.5 0.25 0.25 0 0 1

Doloph 1 0 0 0.4 0.6 0.5 0.5 0 0.5 0.5 0 0 0 0 1 1 0

Dorone 0.4 0.6 1 0 0 0.5 0.5 0 0.5 0.5 0 0 0 0 1 1 0

Drunel 1 0 0 1 0 0.5 0.5 0 0.49 0.51 0 0 0 0 1 1 0

Dysmic 0 1 1 0 0 0 1 0 0.33 0.67 0.5 0 0 0 0.5 1 0

Empidi 1 0 0 0.5 0.5 0 1 0 0.67 0.33 0.03 0.14 0.12 0.12 0.59 0.83 0.17

Epeoru 1 0 0 1 0 0.5 0.5 0 0.5 0.5 0 0.3 0.1 0.1 0.5 1 0

Forcip 1 0 0 0.33 0.67 0 1 0 0 1 0 0 0 0.5 0.5 1 0

Glosso 1 0 0 0.25 0.75 0.5 0.5 0 0.5 0.5 0 0 0.5 0 0.5 1 0

Hepta1 1 0 0 0.71 0.29 0.5 0.5 0 0.52 0.48 0 0.15 0.03 0.03 0.78 1 0

Hespla 0.4 0.6 1 0 0 0.5 0.5 0 0.33 0.67 0 0 0 0 1 1 0

Hetero 0 1 0.33 0.67 0 0.5 0.5 0 0.33 0.67 0 0 0 0 1 1 0

Hexato 1 0 0 0.75 0.25 0.33 0.67 0 0.5 0.5 0 0.25 0.12 0.12 0.5 0.25 0.75

Ironod 1 0 0 0.5 0.5 0.5 0.5 0 0.4 0.6 0 0 0 0 1 1 0

Kathro 0 1 0.5 0.5 0 0.5 0.5 0 0.67 0.33 0 0 0 0 1 1 0

Kogotu 1 0 0.25 0.75 0 0.5 0.5 0 0.67 0.33 0 0 0 0 1 1 0

Larasp 1 0 1 0 0 0.5 0.5 0 0.75 0.25 0 0 0 0 1 1 0

Lepido 1 0 0 0.75 0.25 0.5 0.5 0 0.6 0.4 0 0 0 0 1 1 0

Limnep 0 1 0 1 0 0.4 0.6 0 0.6 0.4 0 0.25 0.5 0.25 0 1 0

Malenk 1 0 0 1 0 0.5 0.5 0 0.8 0.2 0 0.2 0.1 0.1 0.6 1 0

Micras 1 0 0 1 0 0.5 0.5 0 0.25 0.75 0 0 0 0 1 1 0

Nemato 1 0 0.25 0.5 0.25 0.5 0.17 0.33 0.75 0.25 0 0.07 0.04 0.03 0.87 1 0

Neoher 0 1 1 0 0 0 1 0 0.33 0.67 0.5 0 0 0 0.5 1 0

Neophy 1 0 0 0.75 0.25 0.5 0.5 0 0.25 0.75 0 0.25 0.5 0.25 0 1 0

Oligoc 0 1 0 0 1 0.33 0.33 0.33 1 0 0.03 0.09 0.09 0.09 0.7 1 0

Ostrac 1 0 0 0.5 0.5 0.33 0.33 0.33 0 1 0.5 0.5 0 0 0 1 0

Palpom 1 0 0 0.5 0.5 0.33 0.67 0 0.67 0.33 0 0 0 0 1 1 0

Paralp 1 0 0 1 0 0.5 0.5 0 0.43 0.57 0 0 0 0 1 1 0

Paraps 0.8 0.2 0.25 0.75 0 0.5 0.5 0 0.75 0.25 0 0.1 0.37 0.23 0.3 1 0

Pchoda 1 0 0 0.25 0.75 0.5 0.5 0 0.8 0.2 0 0 0 0 1 0 1

Perldu 0.5 0.5 0 1 0 0.5 0.5 0 0.5 0.5 0 0.11 0.05 0.05 0.79 1 0

Perlid 0.25 0.75 1 0 0 0.5 0.5 0 0.6 0.4 0 0 0 0 1 1 0

Planar 1 0 0 1 0 0.33 0.33 0.33 0.49 0.51 0.5 0.38 0 0.13 0 1 0

Polyce 0 1 0 0.25 0.75 0.5 0.5 0 0.5 0.5 0 0.25 0.25 0.12 0.38 1 0

Pteron 0 1 1 0 0 0.5 0.5 0 0.25 0.75 0 0.43 0.2 0.2 0.17 1 0

Rhyaco 0.25 0.75 0 1 0 0.5 0.5 0 0.71 0.29 0 0.23 0.1 0.1 0.57 1 0

Simuli 1 0 0 0.4 0.6 0.4 0.6 0 0.43 0.57 0 0.28 0.17 0.17 0.39 1 0

Soyedi 1 0 0 1 0 0.5 0.5 0 1 0 0 0 0 0 1 1 0

Stenon 1 0 0 0.75 0.25 0.5 0.5 0 0.5 0.5 0 0 0 0 1 1 0

Swelts 1 0 0 1 0 0.5 0.5 0 0.8 0.2 0 0.2 0.2 0.2 0.4 1 0

Tipula 0 1 0.25 0.75 0 0.5 0.5 0 0.5 0.5 0 0.22 0.12 0.12 0.53 0.5 0.5

Tipuli 0.88 0.12 0.03 0.79 0.18 0.39 0.61 0 0.48 0.52 0 0.18 0.09 0.09 0.63 0.29 0.71

Visoka 1 0 1 0 0 0.5 0.5 0 1 0 0 0 0 0 1 1 0

Wormal 1 0 0 0.4 0.6 0.5 0.5 0 0.75 0.25 0 0 0 0 1 1 0

Yorape 1 0 1 0 0 0.5 0.5 0 0.5 0.5 0 0 0 0 1 1 0

Zapada 1 0 0.25 0.75 0 0.5 0.5 0 1 0 0 0 0 0 1 1 0
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Appendix B (continued). 
taxacode g1 g2 g3 g4 h1 h2 h3 i1 i2 j1 j2 j3 k1 k2 k3

Acarin 0.63 0.25 0.13 0 0 0 1 0 1 0 0 1 0 0.67 0.33

Amelet 1 0 0 0 0.56 0.44 0 0.29 0.71 0 1 0 0.75 0.25 0

Anagap 0.75 0 0 0.25 0.25 0.75 0 0.2 0.8 0 1 0 0 1 0

Apatan 1 0 0 0 0.2 0.8 0 0 1 0 1 0 0 1 0

Arctop 0.6 0 0 0.4 0.43 0 0.57 0.14 0.86 0 1 0 0 0.75 0.25

Baetis 0.88 0 0.13 0 0.44 0.56 0 0.2 0.8 0 1 0 0.75 0.25 0

Caline 1 0 0 0 0 0 1 0 1 1 0 0 0 0.75 0.25

Cerato 0.55 0.45 0 0 0.12 0.35 0.54 0.18 0.82 0 1 0 0.17 0.55 0.28

Chelif 0.33 0.5 0.17 0 0 0.17 0.83 0.18 0.82 0 1 0 0.17 0.55 0.28

Chiron 0.56 0.22 0.11 0.11 0.55 0.27 0.18 0.4 0.6 0 1 0 0.25 0.5 0.25

Chloro 0.59 0 0.41 0 0.14 0.1 0.76 0.14 0.86 0.86 0.14 0 0 0.63 0.37

Cinygm 0.67 0 0.33 0 0.5 0.5 0 0 1 1 0 0 0.75 0.25 0

Crypto 0.6 0.4 0 0 1 0 0 0 1 0 1 0 0 1 0

Despax 0.67 0 0.33 0 1 0 0 0 1 0 1 0 0 1 0

Dicran 0.4 0.6 0 0 0 0 1 0.2 0.8 0 1 0 0.17 0.55 0.28

Dixasp 1 0 0 0 0.3 0.4 0.3 0.18 0.82 0 1 0 0.17 0.55 0.28

Doloph 0.4 0 0 0.6 0.5 0.33 0.17 0 1 0 1 0 0 1 0

Dorone 1 0 0 0 0 0 1 0 1 0.33 0.67 0 0 1 0

Drunel 1 0 0 0 0.57 0.29 0.14 0 1 0.25 0.75 0 1 0 0

Dysmic 1 0 0 0 0 0 1 0 1 0.25 0.75 0 0 0.75 0.25

Empidi 0.4 0.4 0.2 0 0 0.17 0.83 0.18 0.82 0 1 0 0.17 0.55 0.28

Epeoru 1 0 0 0 0.33 0.67 0 0.14 0.86 1 0 0 1 0 0

Forcip 0.67 0.33 0 0 0.17 0.83 0 0.18 0.82 0 1 0 0.17 0.55 0.28

Glosso 0.75 0 0 0.25 0.25 0.75 0 0.5 0.5 0 1 0 0.67 0.33 0

Hepta1 0.85 0.15 0 0 0.49 0.51 0 0.16 0.84 1 0 0 0.7 0.3 0

Hespla 1 0 0 0 0 0.14 0.86 0.25 0.75 0.67 0.33 0 0 1 0

Hetero 0.75 0.25 0 0 1 0 0 0.2 0.8 0 1 0 0 0.33 0.67

Hexato 0.4 0.6 0 0 0.17 0 0.83 0.18 0.82 0 1 0 0.17 0.55 0.28

Ironod 1 0 0 0 0.83 0.17 0 0.33 0.67 1 0 0 1 0 0

Kathro 0.4 0 0.6 0 0.2 0.2 0.6 0.2 0.8 0.67 0.33 0 0 1 0

Kogotu 1 0 0 0 0 0.17 0.83 0 1 0.5 0.5 0 0 1 0

Larasp 0.5 0.5 0 0 1 0 0 0 1 0.25 0.75 0 0.67 0.33 0

Lepido 1 0 0 0 0.57 0.14 0.29 0 1 0 1 0 0 0.75 0.25

Limnep 0.75 0 0 0.25 0.29 0.57 0.14 0.17 0.83 0 1 0 0 1 0

Malenk 0.71 0.29 0 0 0.71 0.14 0.14 0.33 0.67 1 0 0 0.25 0.75 0

Micras 0.75 0 0 0.25 0.33 0.67 0 0 1 0 1 0 0 1 0

Nemato 0.6 0 0.4 0 0 0.14 0.86 0.18 0.82 0 1 0 0.17 0.55 0.28

Neoher 1 0 0 0 0 0 1 0 1 0.25 0.75 0 0 0.75 0.25

Neophy 0.67 0 0 0.33 0.43 0.57 0 0.3 0.7 0 1 0 0 0.6 0.4

Oligoc 0.33 0.67 0 0 0.8 0.2 0 0.18 0.82 0 1 0 0.17 0.55 0.28

Ostrac 0.57 0.14 0.29 0 0.57 0.29 0.14 0.25 0.75 0.5 0 0.5 0.17 0.55 0.28

Palpom 0.5 0.5 0 0 0.1 0.2 0.7 0.18 0.82 0 1 0 0.17 0.55 0.28

Paralp 0.83 0.17 0 0 0.75 0.25 0 0.17 0.83 0.67 0.33 0 0.4 0.6 0

Paraps 0.6 0 0 0.4 0.33 0 0.67 0.13 0.88 0 1 0 0 1 0

Pchoda 0.25 0.75 0 0 0.6 0.3 0.1 0.18 0.82 0.33 0.67 0 0.17 0.55 0.28

Perldu 0.83 0 0.17 0 0.13 0.23 0.64 0.34 0.66 0.88 0.13 0 0.27 0.73 0

Perlid 1 0 0 0 0 0 1 0 1 1 0 0 0 0.75 0.25

Planar 1 0 0 0 0 0 1 0.18 0.82 1 0 0 0.17 0.55 0.28

Polyce 0.5 0 0 0.5 0.17 0.25 0.58 0 1 0 1 0 0 1 0

Pteron 1 0 0 0 0.86 0.14 0 0.4 0.6 0 1 0 1 0 0

Rhyaco 0.75 0 0 0.25 0 0.13 0.88 0.25 0.75 0 1 0 0 0.5 0.5

Simuli 0.33 0 0 0.67 0.6 0.2 0.2 0.18 0.82 0 1 0 0.17 0.55 0.28

Soyedi 1 0 0 0 1 0 0 0.4 0.6 0 1 0 0 1 0

Stenon 0.75 0.25 0 0 0.25 0.75 0 0 1 1 0 0 0.75 0.25 0

Swelts 0.67 0 0.33 0 0 0 1 0.17 0.83 1 0 0 0 0.67 0.33

Tipula 0.2 0.8 0 0 0.5 0.25 0.25 0.18 0.82 0 1 0 0.17 0.55 0.28

Tipuli 0.33 0.64 0 0.02 0.52 0.17 0.32 0.15 0.85 0 1 0 0.17 0.55 0.28

Visoka 1 0 0 0 1 0 0 0.43 0.57 0 1 0 0 1 0

Wormal 0.4 0 0 0.6 0.67 0.33 0 0.33 0.67 0 1 0 0 0.5 0.5

Yorape 1 0 0 0 1 0 0 0.14 0.86 0.5 0 0.5 0.5 0.5 0

Zapada 1 0 0 0 0.71 0.29 0 0.6 0.4 0 1 0 0 1 0
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Appendix C. Sample identifications and summer low-flow variables (R). 

ID Site Year Season Fre Dur minQ Int Abr

E.98.S East 1998 Spring 7 59 0.258 6.56 0.014

E.00.S East 2000 Spring 5 41 0.781 9.03 0.009

E.01.S East 2001 Spring 7 20 1.073 5.04 0.422

E.01.F East 2001 Fall 7 20 1.073 5.04 0.422

E.02.S East 2002 Spring 6 54 0.509 3.49 0.008

E.03.S East 2003 Spring 5 56 0.116 1.56 0.102

E.04.S East 2004 Spring 4 68 0.178 8.04 0.012

E.04.F East 2004 Fall 4 68 0.178 8.04 0.012

E.05.S East 2005 Spring 5 73 0.385 6.90 0.043

E.05.F East 2005 Fall 5 73 0.385 6.90 0.043

E.06.S East 2006 Spring 4 99 0.000 5.49 0.146

E.06.F East 2006 Fall 4 99 0.000 5.49 0.146

E.07.S East 2007 Spring 5 66 0.004 4.56 4E-04

E.07.F East 2007 Fall 5 66 0.004 4.56 4E-04

M.98.S Mike 1998 Spring 7 59 0.168 3.78 0.009

M.00.S Mike 2000 Spring 5 41 0.508 5.63 0.006

M.00.F Mike 2000 Fall 5 41 0.508 5.63 0.006

M.01.S Mike 2001 Spring 7 16 0.697 2.55 0.275

M.01.F Mike 2001 Fall 7 16 0.697 2.55 0.275

M.02.S Mike 2002 Spring 6 45 0.331 1.55 0.005

M.02.F Mike 2002 Fall 6 45 0.331 1.55 0.005

M.03.S Mike 2003 Spring 5 53 0.075 0.13 0.066

M.03.F Mike 2003 Fall 5 53 0.075 0.13 0.066

M.04.S Mike 2004 Spring 4 68 0.116 4.68 0.008

M.04.F Mike 2004 Fall 4 68 0.116 4.68 0.008

M.05.S Mike 2005 Spring 5 73 0.250 3.87 0.028

M.05.F Mike 2005 Fall 5 73 0.250 3.87 0.028

M.06.S Mike 2006 Spring 4 102 0.000 2.90 0.095

M.06.F Mike 2006 Fall 4 102 0.000 2.90 0.095

M.07.S Mike 2007 Spring 5 66 0.002 2.98 3E-04

M.07.F Mike 2007 Fall 5 66 0.002 2.98 3E-04

So.00.S South 2000 Spring 5 34 0.078 6.30 0.003

So.00.F South 2000 Fall 5 34 0.078 6.30 0.003

So.01.S South 2001 Spring 6 16 0.159 3.81 0.215

So.01.F South 2001 Fall 6 16 0.159 3.81 0.215

So.02.S South 2002 Spring 6 47 0.024 2.58 0.002

So.03.F South 2003 Fall 5 24 0.078 6.30 0.003

So.04.S South 2004 Spring 4 70 0.000 5.34 0.024

So.04.F South 2004 Fall 4 70 0.000 5.34 0.024

So.05.S South 2005 Spring 5 76 0.001 4.73 2E-04

So.06.S South 2006 Spring 4 92 0.000 3.57 1E-03

So.06.F South 2006 Fall 4 92 0.000 3.57 1E-03

So.07.S South 2007 Spring 4 66 0.000 2.96 4.058

So.07.F South 2007 Fall 4 66 0.000 2.96 4.058
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Appendix D. Species abundance table 
(L). ID Acarin Amelet Anagap Apatan Arctop Baetis Caline Cerato Chelif Chiron Chloro Cinygm Crypto Despax Dicran Dixasp Doloph Dorone Drunel Dysmic Empidi

E.98.S 0.0337 0 0 0 0 0.0332 0.0049 0.0037 0.0061 0.2746 0.1832 0 0 0.0037 0 0 0 0 0.0025 0 0.0037

E.00.S 0.0333 0 0 0 0 0.0243 0.0019 0.0103 0 0.3285 0.0161 0.0029 0 0.0048 0.0033 0 0 0 0.0026 0 0

E.01.S 0 0 0 0 0 0.0612 0.0025 0.0223 0.0124 0.2312 0.0439 0.0149 0 0.0869 0.0041 0 0 0 0 0 0.0041

E.01.F 0.0767 0 0 0.0064 0 0.0241 0.0017 0.0017 0 0.0206 0 0.0071 0 0 0 0 0 0.0098 0 0.0241 0

E.02.S 0.0291 0 0 0 0 0.0702 0 0 0 0.1805 0.0333 0 0 0.018 0 0 0 0 0 0 0

E.03.S 0.0144 0 0 0 0 0.0319 0.0083 0.0205 0.0671 0.3441 0.0083 0 0 0 0.0061 0 0 0 0 0 0

E.04.S 0.0051 0 0 0 0 0.034 0.004 0.0115 0.0027 0.3561 0.1709 0.004 0 0.031 0.003 0 0 0 0 0 0.0013

E.04.F 0.0094 0 0 0 0 0.021 0.0257 0.0409 0.0032 0.0471 0.1412 0.0235 0 0.0868 0 0.0026 0 0.0036 0 0 0

E.05.S 0.008 0.0047 0 0 0 0.0227 0.0054 0.0054 0.0024 0.2204 0.1248 0 0 0.03 0.0023 0 0 0.0024 0 0 0.0031

E.05.F 0.0273 0.0019 0.0289 0 0 0.0082 0.0182 0.0239 0.0139 0.0749 0.1491 0.0034 0 0.0328 0.0019 0.0034 0.0066 0.0051 0.0051 0 0.0097

E.06.S 0.0102 0.0068 0 0 0 0.0221 0 0.0069 0.0542 0.2347 0.0828 0 0 0.0103 0 0 0 0 0 0 0.015

E.06.F 0.0258 0.0126 0.0499 0 0 0.0013 0.0007 0.0189 0.0026 0.0722 0.0802 0.0007 0 0.0799 0.01 0 0.0075 0 0 0 0.0025

E.07.S 0.0269 0.0013 0 0 0 0 0 0.0141 0 0.2064 0.0555 0.0013 0 0.0478 0.0024 0 0.0013 0 0 0 0

E.07.F 0.0076 0.0056 0.0522 0 0 0.0113 0 0.039 0 0.0957 0.1287 0.0042 0 0.0322 0.0067 0.001 0.001 0 0 0 0.001

M.98.S 0.0159 0 0 0 0 0.0092 0 0.0327 0 0.0928 0.0348 0.0606 0 0.0042 0.0056 0 0 0 0 0 0

M.00.S 0.0288 0 0.0012 0 0.0024 0.0139 0 0.0275 0 0.1629 0.0344 0.0115 0 0.0011 0.0034 0 0 0 0 0.0024 0

M.00.F 0 0 0.0051 0.0172 0 0.0099 0 0.0074 0 0.0555 0 0.0406 0 0 0 0 0 0 0 0.0075 0

M.01.S 0.0034 0 0.0012 0 0.0024 0.0461 0 0.0043 0 0.1376 0.0496 0.0272 0 0.0015 0.0013 0 0 0 0 0.0071 0

M.01.F 0.0227 0 0 0 0 0 0 0.0206 0 0.161 0.0412 0.0133 0 0.0135 0.0052 0.0037 0 0 0 0.0011 0

M.02.S 0.099 0 0 0 0 0 0 0 0 0.1265 0.0238 0.0183 0 0.0275 0 0 0 0 0 0 0

M.02.F 0.0166 0 0 0 0 0 0 0.0204 0 0.0756 0.0545 0.009 0 0 0.0054 0 0 0 0 0.0038 0

M.03.S 0.0188 0 0 0 0 0.0027 0 0.0134 0 0.1347 0.0685 0.0255 0.0014 0 0.0114 0.0014 0 0 0 0.0014 0

M.03.F 0.0739 0 0 0 0 0 0 0.018 0 0.0045 0 0 0 0 0 0 0 0 0 0 0.0045

M.04.S 0.0803 0 0 0 0 0 0 0.024 0 0.0798 0.0328 0.027 0.0057 0 0.0116 0.0058 0 0 0 0 0

M.04.F 0.021 0 0 0 0 0 0 0.033 0 0.0598 0.0909 0 0.0015 0.004 0.006 0.003 0 0 0 0 0

M.05.S 0.0014 0 0 0 0 0.0014 0.0128 0.0142 0.0014 0.1773 0.0944 0 0 0.017 0.0056 0 0 0 0 0 0.0014

M.05.F 0.0145 0.0007 0.0015 0 0 0.0015 0.0029 0.0186 0.0056 0.149 0.1315 0.0045 0.0015 0.0151 0.0027 0.0007 0 0.0007 0 0 0

M.06.S 0.0128 0 0 0.0065 0 0.0013 0.0169 0.026 0.0065 0.1227 0.1109 0 0 0.0107 0 0 0 0 0 0.0013 0

M.06.F 0.0183 0 0.0429 0 0 0.0023 0.0088 0.0222 0.0012 0.1156 0.1002 0.001 0 0.037 0.0071 0 0 0.001 0 0 0

M.07.S 0.0219 0 0.074 0 0.0135 0.0036 0.009 0.0326 0.0094 0.0978 0.0593 0 0 0.0036 0.0085 0 0 0 0 0 0

M.07.F 0.0105 0 0 0 0 0.1103 0.015 0.0117 0 0.158 0.1098 0.0058 0.0031 0.0053 0.016 0.0047 0 0 0 0 0

So.00.S 0.0117 0 0.0136 0 0 0.0057 0.0013 0.009 0 0.1196 0.1203 0.0035 0 0.0114 0.0006 0 0 0.0039 0 0 0.0013

So.00.F 0.0199 0 0.0031 0 0 0.0019 0 0.0123 0 0.1775 0.0343 0.1094 0.0016 0.0342 0.0335 0.0016 0 0 0 0 0

So.01.S 0.0198 0 0 0 0 0.005 0.0008 0.0082 0 0.1067 0.129 0.0276 0 0.0034 0.0089 0 0 0.0008 0 0 0

So.01.F 0.025 0.002 0 0 0 0.0082 0.0024 0.0136 0.0027 0.2554 0.1232 0.042 0 0.0076 0.0094 0 0 0 0 0 0

So.02.S 0.0047 0 0 0 0 0.0083 0 0.0189 0 0.1494 0.1777 0.0167 0 0.0167 0 0 0 0 0 0 0

So.03.F 0.0714 0 0 0 0 0 0 0.1607 0 0.2589 0.0179 0 0 0 0 0 0 0 0 0 0.0089

So.04.S 0 0 0 0 0.0051 0.0151 0 0.0243 0 0.1063 0.0816 0.0142 0 0.0071 0.0071 0 0 0 0 0.0116 0

So.04.F 0.0392 0 0 0 0 0 0.0083 0.0108 0 0.0413 0.0613 0.0053 0 0.0027 0.0027 0 0 0.008 0 0.022 0

So.05.S 0.0063 0 0 0 0 0.0022 0 0.0044 0 0.0343 0.1426 0 0 0.0234 0 0 0 0 0.0022 0.1458 0

So.06.S 0.0044 0.0027 0 0 0 0 0 0.111 0.0017 0.0437 0.1887 0.0071 0 0.0081 0.0034 0 0 0 0 0 0

So.06.F 0.0287 0.0093 0 0 0 0.0112 0.0058 0.0138 0.0064 0.2189 0.1447 0.0016 0 0.024 0.0064 0 0 0 0.0016 0 0

So.07.S 0.0409 0.0033 0.0033 0 0 0 0.0033 0.0049 0.0016 0.1744 0.1369 0.0167 0 0.05 0.0016 0 0 0 0 0.0016 0

So.07.F 0.0274 0 0 0 0 0.0102 0.01 0.0033 0 0.1716 0.2914 0 0 0.0033 0.0067 0 0 0 0 0 0
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Appendix D (continued). 
ID Epeoru Forcip Glosso Hepta1 Hespla Heterl Hexato Ironod Kathro Kogotu Larasp Lepido Limnep Malenk Micras Nemato Neoher Neophy Oligoc Ostrac Palpom

E.98.S 0 0 0 0.0037 0 0.0442 0 0.0074 0.0312 0 0.0012 0.0012 0 0.0049 0.0061 0 0 0.0037 0.1281 0 0.0025

E.00.S 0.0231 0 0.0023 0.0038 0 0.0228 0 0.01 0 0 0.0023 0.0038 0 0.0088 0.0099 0.0047 0.001 0.005 0.0088 0.0047 0

E.01.S 0.0124 0 0 0.005 0 0.0397 0 0.0364 0.005 0 0 0.0025 0 0.0488 0.0083 0.0025 0 0.0066 0.0654 0 0

E.01.F 0.04 0.0017 0 0.0064 0.0088 0 0 0 0.1687 0 0 0.01 0.0494 0 0 0 0.1034 0 0 0 0

E.02.S 0.0616 0 0 0 0.018 0 0 0 0 0 0 0 0 0.0248 0.0454 0 0 0 0.0983 0.0735 0

E.03.S 0.0083 0 0 0 0 0.0486 0 0 0 0 0 0.0083 0 0 0.0091 0 0 0.0197 0.0183 0.003 0.0061

E.04.S 0.0044 0 0.0017 0.0013 0 0.0498 0.0013 0.0017 0.004 0 0.0013 0.0192 0 0 0.0175 0 0 0.0027 0.0102 0.0017 0

E.04.F 0 0 0.0385 0.0082 0 0.0827 0.0018 0.0394 0.0089 0 0 0.0096 0 0 0.0091 0 0 0 0.1207 0.0176 0

E.05.S 0.0135 0 0.0024 0.0023 0 0.0254 0 0.0093 0.0117 0 0 0.0093 0 0.0068 0.0073 0.0031 0 0.0111 0.0158 0.0114 0.0024

E.05.F 0 0 0 0.0348 0.0085 0.0334 0.0074 0.0114 0.0037 0 0 0.0091 0 0 0.0191 0 0 0 0.057 0.007 0

E.06.S 0.0306 0 0 0.0076 0 0.011 0 0.0598 0.0056 0 0.0028 0.0165 0 0.017 0.0117 0.0014 0 0.0294 0.0187 0 0

E.06.F 0 0 0 0.0962 0 0.0139 0 0.0964 0 0 0.0039 0.0094 0 0 0.0026 0.0007 0 0 0.0137 0.0105 0.0049

E.07.S 0.0098 0 0 0.0222 0 0.0141 0 0.0061 0.0027 0 0.0061 0.0229 0 0.0761 0.0067 0 0 0.005 0.0424 0 0

E.07.F 0 0.0056 0 0.0128 0.001 0.0341 0.0024 0.0378 0 0 0.0091 0.0355 0 0 0.0072 0.0019 0 0 0.0596 0.0024 0

M.98.S 0.0033 0 0 0.061 0 0 0.0042 0 0 0 0 0.0188 0 0.0149 0 0.0455 0 0 0.3824 0 0

M.00.S 0.0036 0 0 0.0061 0 0 0 0.0009 0.0122 0 0 0.057 0.0012 0.0181 0.0031 0.0026 0.0949 0 0.0213 0 0

M.00.F 0.005 0.005 0 0 0.0025 0 0 0 0.0477 0 0 0.0962 0.0125 0 0 0 0.0968 0 0 0 0

M.01.S 0.0106 0.0012 0 0.0162 0 0 0.0012 0 0.0415 0 0 0.0142 0.0024 0.0433 0.0222 0.0044 0.0047 0 0.2197 0 0.0024

M.01.F 0.0011 0 0 0.0157 0 0 0.0011 0 0 0 0.0087 0.0156 0 0.0047 0.0091 0.0757 0 0 0.2833 0.0014 0.0021

M.02.S 0 0 0 0 0 0 0 0 0 0 0.022 0 0 0.0221 0 0.0183 0 0 0.1102 0.011 0

M.02.F 0 0 0 0.0209 0 0 0 0 0 0 0 0 0 0.0242 0 0.0036 0 0 0.4517 0 0.0038

M.03.S 0 0 0 0.0716 0 0 0 0 0 0.0027 0.0014 0.0041 0 0.102 0 0 0 0 0.1914 0 0

M.03.F 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.009 0 0 0.6429 0 0.009

M.04.S 0 0 0 0.0029 0 0 0 0 0 0 0.0028 0 0 0.0291 0 0.0029 0 0 0.4038 0 0.0028

M.04.F 0 0 0 0.0039 0 0 0 0 0 0 0.0095 0.0015 0 0.019 0.0267 0 0 0 0.2856 0 0

M.05.S 0 0 0 0 0 0.0369 0.0014 0 0 0 0.0056 0.0183 0 0.0042 0 0.017 0 0.0014 0.0435 0 0

M.05.F 0 0 0.0174 0.0015 0 0.0396 0.0029 0.0015 0 0 0.0046 0.0172 0.0015 0.001 0.0029 0.0094 0 0.001 0.0977 0 0.0044

M.06.S 0 0 0.0326 0 0 0.0229 0 0.0026 0 0 0.0013 0.013 0 0.0026 0 0 0 0 0.0203 0 0

M.06.F 0 0 0 0.0278 0 0.0205 0.0025 0 0 0 0 0.0072 0.0038 0.0055 0.0025 0.0181 0 0.001 0.022 0.0038 0

M.07.S 0 0 0 0.0182 0 0.0144 0.0018 0.02 0 0 0.0108 0.0067 0.0009 0.0009 0.0117 0.0317 0 0 0.0726 0.0009 0

M.07.F 0.0016 0 0 0.0053 0 0 0.0021 0.0188 0 0 0 0.0016 0 0.0403 0 0.0084 0 0.008 0.0094 0 0.0047

So.00.S 0 0 0 0.0151 0 0.0075 0.0012 0.0222 0 0 0 0.0176 0.0044 0.0263 0.0077 0.0073 0 0.0013 0.1604 0.0018 0

So.00.F 0 0 0 0.0031 0 0 0.0069 0 0 0 0 0.0035 0 0.0139 0 0.0016 0 0 0.1271 0.0031 0

So.01.S 0 0 0 0.027 0 0.0578 0.0155 0 0 0.0017 0.0017 0.0025 0 0.0059 0.0017 0.0051 0 0.0008 0.2414 0 0.0032

So.01.F 0 0 0 0.0049 0 0.0445 0.0064 0 0 0.0007 0 0.0204 0.0013 0.0093 0 0.0065 0 0.0011 0.1026 0 0

So.02.S 0 0 0 0.0047 0 0.0475 0.0083 0 0 0 0 0 0 0.0167 0 0 0 0 0.0555 0 0

So.03.F 0 0 0 0 0 0 0 0 0 0 0.0179 0.0179 0 0 0.0089 0.0804 0 0 0.1161 0.0268 0

So.04.S 0 0.0116 0 0 0 0.0142 0.0035 0 0.1815 0 0 0.0035 0 0 0 0 0.0152 0 0.0426 0 0.0065

So.04.F 0 0.0083 0.0027 0 0 0.0453 0.008 0 0.0634 0 0.008 0 0.0028 0 0 0.0027 0.0496 0 0.3206 0 0

So.05.S 0 0 0 0.0127 0 0 0 0 0 0 0 0 0 0.0065 0.0218 0.0042 0.1042 0 0.1099 0 0.0208

So.06.S 0 0 0 0.0137 0 0.0259 0 0 0 0 0.0034 0 0 0 0 0.0249 0 0 0.1206 0 0

So.06.F 0 0 0 0 0 0.0213 0 0.0016 0 0 0.0016 0.0164 0 0.0016 0.0032 0.0064 0 0 0.1055 0 0.0103

So.07.S 0 0 0 0.0033 0 0.0216 0 0 0 0 0.0088 0.0275 0 0 0.0144 0.0016 0 0 0.081 0 0

So.07.F 0 0 0 0 0 0.0333 0 0 0 0 0.0068 0 0 0.0068 0 0.0167 0 0 0.1168 0 0
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Appendix D (continued). 
ID Paralp Paraps Pchoda Perldu Perlid Planar Polyce Pteron Rhyaco Sialis Simuli Soyedi Stenon Swelts Tipula Tipuli Visoca Wormal Yorape Zapada

E.98.S 0.0209 0 0 0.0049 0.0049 0 0.0263 0 0.0061 0 0.0025 0 0 0 0 0 0.0074 0.0258 0.0111 0.0258

E.00.S 0.0447 0.0023 0 0.0209 0.0048 0 0 0.0057 0.0312 0 0.0047 0 0 0 0 0 0.0086 0.0067 0.0309 0.1865

E.01.S 0.0745 0.0108 0 0.0174 0.0083 0 0 0.005 0.0108 0 0.0066 0 0 0 0 0 0 0.0091 0.0215 0.0041

E.01.F 0.0604 0 0.0017 0.021 0 0 0 0.0046 0 0.0017 0 0 0.0594 0 0 0.0054 0.0313 0 0.0175 0.0135

E.02.S 0.0967 0 0 0 0.018 0.0137 0.0522 0.0274 0.0068 0 0.0068 0 0 0 0 0 0 0.0342 0.0111 0.0111

E.03.S 0.1502 0 0 0.0472 0 0 0 0.003 0.0152 0 0.0061 0 0 0 0 0 0 0 0.0213 0.1057

E.04.S 0.0452 0 0 0.024 0.0257 0.0017 0.0085 0.0017 0.0243 0 0 0 0 0 0 0 0.0034 0 0.0323 0.0223

E.04.F 0.0254 0.0177 0 0.0018 0.0196 0 0.0026 0.0068 0.0277 0 0 0.0036 0 0 0 0 0 0.025 0.0044 0.0292

E.05.S 0.0904 0.0087 0 0.0629 0.0049 0.0073 0.0023 0.0062 0.008 0 0 0 0 0 0 0 0.0047 0.0278 0.0486 0.0246

E.05.F 0.0331 0.0051 0 0 0.0398 0.0074 0 0.0083 0.0273 0 0 0.0036 0 0.0291 0 0.0034 0.0142 0.0068 0.0376 0.0108

E.06.S 0.0255 0.0062 0 0.0014 0.0253 0.0238 0 0.0144 0.0595 0 0.0082 0 0 0 0 0.0042 0.0069 0.0014 0.0304 0.0256

E.06.F 0.1003 0.0012 0 0 0.0326 0.0197 0 0.0054 0.0143 0 0 0.002 0 0 0.0013 0 0.0064 0.0204 0.0033 0.0114

E.07.S 0.0495 0.0013 0 0 0.0216 0.0087 0.0013 0.0121 0.072 0 0.0024 0 0 0 0 0.0013 0 0.0098 0.0061 0.0394

E.07.F 0.0828 0.0039 0 0 0.0497 0.0217 0.0014 0.0048 0.0119 0 0 0 0 0 0 0.0039 0.0057 0.011 0.0327 0.0727

M.98.S 0.0207 0 0 0 0 0 0 0 0.0083 0 0.0007 0 0 0 0 0 0.0141 0 0.0042 0.1014

M.00.S 0.0212 0.0017 0.0085 0.0036 0.0009 0 0.0021 0 0 0 0.0009 0 0 0 0 0 0 0.0517 0.0045 0.2855

M.00.F 0.0548 0 0.0224 0.01 0 0 0.0074 0 0 0 0 0 0.0252 0 0 0.0174 0.0254 0 0.0051 0.0936

M.01.S 0.0383 0.0009 0 0.0024 0 0 0.0178 0 0 0 0.0024 0 0.0083 0 0 0 0.0012 0.0304 0.0231 0.0509

M.01.F 0.0799 0 0 0 0 0 0.0147 0 0.0023 0 0.0041 0.0415 0 0 0 0.0011 0 0.003 0.0142 0.0425

M.02.S 0.0496 0 0 0 0 0 0.033 0 0 0 0 0.022 0 0 0 0 0 0 0.0221 0.2113

M.02.F 0.0411 0 0 0 0 0 0 0 0 0 0.0076 0.0233 0 0 0 0 0 0.0074 0.0125 0.0961

M.03.S 0.0617 0 0 0 0 0 0 0.0027 0.0041 0 0.0046 0 0 0 0 0 0.023 0.0931 0.0306 0.0195

M.03.F 0 0 0 0 0 0 0 0 0.0465 0 0 0 0 0 0 0 0 0 0 0

M.04.S 0.089 0 0 0 0 0 0 0 0.0114 0 0.0029 0 0 0 0 0.0034 0 0.0028 0.0097 0.0181

M.04.F 0.0774 0 0 0 0.0143 0.0905 0.0095 0 0.0359 0 0 0.037 0 0 0 0 0 0.0134 0.0234 0.0574

M.05.S 0.0721 0 0 0 0 0.2681 0.0069 0 0 0 0.0028 0 0 0 0 0.0028 0 0.0294 0.0464 0.0327

M.05.F 0.0551 0 0 0 0.0186 0.0098 0.0007 0 0.0059 0 0.001 0.0164 0 0 0.0007 0 0.0061 0.0322 0.0367 0.0607

M.06.S 0.0435 0.0013 0 0 0.0146 0.0042 0.0013 0 0.0047 0 0 0.0091 0 0 0 0.0039 0.0161 0.131 0.0359 0.2039

M.06.F 0.0795 0 0 0.0082 0.0061 0.0025 0 0 0.0013 0 0.0032 0.0013 0 0.0025 0 0.0051 0.0052 0.0355 0.0709 0.2297

M.07.S 0.0724 0.0151 0 0 0 0.0079 0 0 0.0111 0 0 0.0088 0 0.0009 0 0 0.0018 0.0825 0.1595 0.0297

M.07.F 0.058 0.0016 0 0 0 0.0047 0 0 0.0074 0 0.0021 0 0 0 0 0.0016 0.0021 0.0121 0.0809 0.018

So.00.S 0.0452 0.0031 0 0.0114 0.008 0.0136 0 0 0.0138 0 0.0069 0 0 0.0012 0 0 0 0.0455 0.0699 0.0791

So.00.F 0.0695 0.0173 0 0 0 0 0.0019 0 0.013 0 0 0 0 0 0 0 0 0.0417 0.0178 0.1221

So.01.S 0 0 0 0.0068 0 0.0008 0 0 0.0075 0 0 0 0 0 0 0 0 0 0.0059 0.1508

So.01.F 0.0248 0 0 0.0063 0.0016 0.0236 0.0013 0 0.0127 0 0 0.0016 0 0.0016 0 0 0 0.0038 0 0.0714

So.02.S 0.0178 0.0142 0 0 0.0047 0.0236 0 0 0.033 0 0.0083 0 0 0 0 0 0 0.0047 0.0355 0.1975

So.03.F 0.0179 0 0 0 0 0 0 0 0 0 0.0268 0 0 0 0 0 0 0 0.0179 0

So.04.S 0.0333 0 0 0 0 0 0.0051 0 0 0 0.0051 0 0 0 0 0.0035 0 0 0.0131 0.2641

So.04.F 0.0136 0 0.0193 0 0 0 0 0 0.0027 0 0.0196 0 0 0 0 0 0.0165 0 0.0163 0.016

So.05.S 0.0258 0.0065 0 0.0125 0 0.0153 0.0042 0 0.0127 0 0.0044 0 0 0 0 0 0 0.0214 0.0973 0.047

So.06.S 0.0224 0 0 0.0565 0.0207 0.0071 0 0 0 0 0 0 0 0.0142 0.0051 0.0095 0 0 0.0146 0.02

So.06.F 0.0106 0 0 0.0177 0 0.0016 0 0 0.0026 0 0 0 0 0 0.0016 0 0 0.0081 0.0756 0.1146

So.07.S 0.0413 0.0049 0 0.0056 0.017 0.0033 0.0111 0 0.0154 0 0.0056 0 0 0 0 0 0 0.0416 0.0327 0.0841

So.07.F 0.017 0 0 0 0.0205 0.0342 0 0 0.0204 0 0.0137 0 0 0 0 0.0033 0 0.0274 0.0341 0.0474
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Appendix E.  The R script used to simulate the population models (Chapter 3). 

sim <- function(codes, type = 1, trials = 5, times = 10){ 

  #parameters 

  mw  <- 0.2 

  mwc <- 1 - mw 

  r   <- 2 

  gen <- 2 

  res <- 'res' 

 

  #Mortality and reproduction rate equations 

  mD <- function(Dur, a=17.35, C=0.01){ C * exp(a*Dur)  / (C*exp(a*Dur) +1-C) } 

  mQ <- function(minQ, a=-25, C=0.7){ C * exp(a*minQ) / (C*exp(a*minQ)+1-C) } 

  #ms <- function(x, y){ mQ(minQ=x) + mD(Dur=y) } 

  mr <- function(x, y){ 1 - (mQ(minQ=x) + mD(Dur=y)) * res } 

  rs <- function(r, x, y){ r * exp(x*-y) } 

  severity <- function(t=11){ 

 A = numeric(t) 

 A[1] = 0.01 

 for(i in 2:t){ 

 A[i] = A[i-1]*i^0.1524 

 } 

 return(A) 

  } 

  sev <- severity() 

  lflow = switch(type, 

    function(i){ 

     x <- rnorm(1, mean=0.2808, sd=0.35596) / 1.5 

     y <- rnorm(1, mean=28.45, sd=8.151) / 169 

     c(ifelse(x>0, x, 0), ifelse(y>0, y, 0)) 

    }, 

    function(i){ 

 x <- rnorm(1, mean=(0.2808*(1-sev[i])), sd=0.35596) / 1.5 

 y <- rnorm(1, mean=(28.45*(1+sev[i])), sd=8.151) / 169 

 c(ifelse(x>0, x, 0), ifelse(y>0, y, 0)) 

    }) 

  #Population dynamics   
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  equations <- list( 

    A = function(N, x, y){ N * mr(x, y) * r * mwc }, 

    B = function(N, x, y){ N * mr(x, y) * rs(r, x, y) * mwc }, 

    C = function(N, x, y){ N * (mr(x, y) * rs(r, x, y))^2 * mwc }, 

    D = function(N, x, y){ 

      mrmwc <- mr(x, y) * mwc 

      N*0.2 * mrmwc * rs(r, x, y) + N*0.8 * mrmwc 

    } 

  ) 

  #Output structure 

  nrows <- nrow(codes) 

  out   <- array( 

    dim = c(times, nrows, trials), 

    dimnames = list(1:times, codes$taxacode, paste('Trial', 1:trials, sep=''))) 

 

  #Simulation   

  for(k in 1:trials) for(j in 1:nrows){ 

    res <- codes$rescode[j] 

    N   <- codes$N.zero[j] 

    eq  <- equations[[codes$LCcode[j]]] 

    v   <- rep(0, times) 

    for(i in 1:times){ 

      p <- lflow(i) 

      N <- eq(N, p[1], p[2]) 

      if(N <= 0) break 

      v[i] = N 

    } 

    out[,j,k] <- v 

  } 

  out 

} 

#Reading the code table 

codes <- read.table('codes.csv', header=T, sep=",", as.is=T, na.strings=" ") 

result1 <- sim(codes, type = 1, trials = 1000) #Scenario 1 Simulation (1,000 trials) 

result2 <- sim(codes, type = 2, trials = 1000) #Scenario 2 Simulation (1,000 trials)
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Appendix F. Preliminary analyses - two-table ordinations 

F.1    Methods 

To answer the first question, the empirical data from the three sites at MKRF (East, 

Mike and South Creeks; see site descriptions in Chapter 2 for details) were used: the 

insect abundance data (L; see Appendix D) and low-flow parameters (R; see Table F-1 

for the definitions of each parameters and Appendix C for the data). Here, the 

relationships between abundance and low-flow parameters were analyzed without the 

trait information of taxonomic groups (for analysis in which the traits were incorporated, 

see Chapter 2). Both L and R were log(x+1) transformed to correct for extreme numbers. 

The relationship was investigated using two two-table ordination approaches: Canonical 

correspondence analysis (CCA ter Braak 1987; ter Braak, and Prentice 1988; Jongman 

et al. 1995) and Co-inertia analysis (CoIA; Dolédec and Chessel 1994; Dray et al. 2004) 

by the package ade4 (Dray and Dufour 2007) in Program R 2.7.0-2.9.0 (R Development 

Core Team 2009). The differences between these two-table ordination methods are the 

limiting conditions of the demonstration of any pertinent structure. In CCA, the number 

of environmental variables must be small with respect to the sample size to explain 

species data while there is no limit to the numbers in CoIA (Dolédec and Chessel 1994). 

Here the number of environmental variables is small relative to the sample size (5 vs. 

44; Appendix B). 
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CCA is a technique to select linear combination of environmental variables that 

maximizes the dispersion of the species scores (e.g. Jongman et al. 1995). The 

corresponding eigenvalue equals the maximized dispersion of the species scores along 

the axis (i.e. a measure of how much variation in the species data is explained by the 

low-flow variables). Canonical coefficients refer to the best weights after the final 

regression in the iteration process. The multiple correlation of the final regression is 

called the species-environment correlation (i.e. correlation between the site scores that 

are weighted averages of the species scores and the site scores that are a linear 

combination of the environmental variables). The species-environment correlation 

measures the association between species and low-flow events. The potential arch effect 

may be removed by removing the superfluous environmental variables (that have high 

correlation with second axis). In the CCA biplot approximating the weighted averages 

of each species with respect to low-flow variables, the arrow head and projection point 

lying on the same side of the origin indicates that the inferred weighted average is 

higher than the non-weighted average. 

CoIA searches for a common structure between two tables (here, species abundance 

and low-flow variables), utilizing PCA ordination of each table (Dray et al. 2007). The 

RV coefficient calculated by the function ‘coinertia’ in the package ade4 (Dray and 
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Dufour 2007) measures global similarity between R and L. The RV coefficient is 

between 0 and 1, and the similarity is greater when the coefficient is closer to 1. The 

repeated Monte-Carlo tests (10,000 times) on the total eigenvalues were performed 

based on 1,000 replicates to analyze the simulated p-values.  

F.2  Results 

Co-inertia analysis on the relationship between species abundance and low-flow 

variables (L and R, respectively) showed that minimum discharge and duration best 

explains the variances in the changes of relative abundance between Spring and Fall 

populations (Figure F-1). The first two CoIA axes explained 88% of the total variance 

observed (Table F-1). The RV coefficient of 0.24 showed a weak similarity between R 

and L. However, the CoIA result of the relationship between L and R was not 

significant after 10,000 repetition of Monte-Carlo test based on 1,000 replicates 

(average simulated p=0.17). 

The first two axes of CCA on R and L could explain 85% of the variance explained 

by those of non-constrained PCA (Table F-2). The CCA result showed that minimum 

discharge and duration best explained the variances in the changes of relative abundance 

between Spring and Fall populations (Figure F-2). 
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In both ordination analyses, intensity also showed relatively high explanatory values. 

Intensity correlated strongly with the second ordination axis in both cases, while the 

correlation with the first axis was weak. Since second ordination axes are known to 

often imply an arch effect (ter Braak 1987), intensity was not included in the later 

modelling processes. 

From the results of CCA and CoIA, the two best low-flow variables were chosen to 

be minimum discharge (minQ) and duration (Dur), as seen in previous studies (e.g. 

Monk et al. 2006). The observed relationship between the two variables with respect to 

low-flow events showed no clear correlation pattern. So, the effects of summer low-

flows on mortality and reproduction rates in the model were calculated as additive 

effects of minimum discharge and duration in constructing the population models.  
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Table F-1. Summary of the first two axes obtained from co-inertia analysis of species 

abundance (L) and low-flow variables (R). Correlation refers to the correlation 

coefficients between L and R.  

 Variance Covariance Correlation 

 Total 1 2 1 2 1 2 

Fall-

Spring 

21.9 13.8 

(63) 

5.4 (25) 3.72 2.32 0.81 0.93 
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Table F-2. The summary of canonical correspondence analysis of species-site and 

environment-site tables (L and R Tables). The absolute (“iner”) and cumulative 

(“inercum”) contributions of the decomposition of inertia; absolute (“inerC”) and 

cumulative (“inercumC”) variances of the projections; the “ratio” between inercumC 

and “inercum”; the square coefficient of correlation (“R2”) and the eigenvalues 

(lambda). 

Axis  iner inercum inerC inercumC ratio R2 λ  

1 0.00152 0.00152 0.00082 0.00082 0.539 0.636 0.000521 

2 0.00091 0.00243 0.00125 0.00207 0.852 0.372 0.000466 
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Figure F-1. Co-inertia analysis of log(x+1)-transformed species abundance table (L) and 

environmental table containing low-flow parameters (R). L consisted of the difference 

between Fall and Spring populations of each species in proportion while R contained 

frequency, duration, intensity, abruptness and minimum discharge (see Chapter 2 for 

details). 1) projection of the principal axes of the two tables (species and environment) 

on co-inertia axes, 2) eigenvalues screeplot, 3) canonical weights of species and 

environmental variables, and 4) joint display of the sites with predictions by regression 

(arrow tips). The distance scale (d) indicates the length of a side of grey squares in CA 

scales. 
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Figure F-2. The summary plot of canonical correspondence analysis of log(x+1) 

transformed species abundance table (L) and environmental table containing low-flow 

parameters (R). L contained the difference between Fall and Spring populations of each 

species in proportion while R contained frequency, duration, intensity, abruptness and 

minimum discharge (see Chapter 2 for details). 1) canonical weights of low flow 

variables, 2) correlations between low flow variables and CCA axis, 3) inertia axes 

projected on PCAIV axis, 4) canonical weights of species. The distance scale (d) 

indicates the length of a side of grey squares in CA scales. 
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Appendix G.  The list of codes used to simulate the population models in Chapter 3. 

taxacode LCcode rescode N.zero.m2 
Amelet  C 0.565 19 
Anagap C 0.94 105 
Apatan C 0.48 11 
Arctop A 1.84 9 
Baetis  D 0.76 241 
Caline  B 1.4 65 
Cerato D 0.72 357 
Chelif  C 0.005 76 
Chiron D 0.68 2448 
Chloro B 0.77 1480 
Cinygm  C 0.625 209 
Crypto A 0.125 6 
Despax A 0.37 302 
Dicran  C 0.41 80 
Dixasp  C 0.225 11 
Doloph  D 1.2 6 
Dorone A 1.2 13 
Drunel C 0.745 5 
Dysmic  A 0.125 87 
Empidi  C 0.005 21 
Epeoru C 0.565 87 
Forcip  D 0.375 13 
Glosso D 0.705 37 
Hepta1  C 0.675 205 
Hespla  B 1.065 15 
Hexato  C 0.35 30 
Ironod D 0.7 145 
Kathro B 1.165 223 
Kogotu C 0.835 2 
Larasp A 0.875 54 
Lepido  C 0.8 204 
Limnep  C 1 30 
Malenk  C 0.72 230 
Micras  C 0.78 112 
Neoher  A 0.125 178 
Neophy  C 0.415 37 
Palpom C 0.835 33 
Paralp  C 0.715 816 
Paraps A 0.955 47 
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Pchoda  D 0.45 20 
Perldu  C 0.92 130 
Perlid  B 1.4 145 
Polyce D 1.545 80 
Pteron A 0.735 41 
Rhyaco  C 1.47 223 
Simuli  D 0.825 61 
Soyedi C 1 64 
Stenon  C 0.75 35 
Swelts  C 0.525 19 
Tipula  A 0.86 3 
Tipuli  A 0.45 26 
Visoka A 1 76 
Wormal  D 1.4 340 
Yorape A 0.75 500 
Zapada A 1 1270 

 


