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AbstractAbstractAbstractAbstract    

 

Discontinuities in Stream Networks: The Effects of Tributary Size and Type on Benthic 

Invertebrate Communities Downstream from Confluences 

Melissa Brochu 

The network composition hypothesis (NCH) suggests that i) large confluence 

symmetry ratios (drainage area of the tributary relative to the mainstem) and ii) 

landscape differences (differences in landscape characteristics between the mainstem 

and tributary drainages) lead to greater ecological changes below confluences. As a test 

of the NCH, 34 confluences were sampled in southern Ontario to examine the effects of 

these two factors on benthic invertebrate communities to infer the degree of ecological 

change at confluences. Given the typology of streams surveyed, there was subtle 

evidence that benthic invertebrate communities below confluences changed as a 

function of confluence symmetry ratio and landscape differences. This indicates that 

abrupt changes in stream networks are not as common as theory may suggest. Further 

support for the network composition hypothesis may be found by examining a wider 

range of stream types and examining single-species responses.  
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Chapter 1.Chapter 1.Chapter 1.Chapter 1.    General IntroductionGeneral IntroductionGeneral IntroductionGeneral Introduction    

Streams are complex systems with landscape and network interactions. Until 

recently, stream ecologists generally accepted the linear view of streams proposed by 

Vannote et al. (1980) known as the River Continuum Concept (RCC). The RCC described 

a longitudinal pattern in geomorphology (e.g. width, depth, velocity), water quality (e.g. 

water temperature) and the biological responses (e.g. photosynthesis, respiration) 

accompanying the continuous gradient along a stream. It suggested that ecosystem 

structure and function could be predicted based on its location along the stream and 

that it also followed a continuum. A few years later, it was recognized that 

impoundments (Ward and Stanford 1983) and tributaries (Bruns et al. 1984) could 

create breaks in the continuum by interrupting the physical, chemical, and biological 

gradients along streams. Understanding the role of these interruptions has led stream 

ecologists to shift towards a branching network view of stream systems rather than a 

linear view (Jones and Schmidt 2017). The roles of impoundments (Ellis and Jones 2014), 

tributaries (Rice et al. 2001; Benda et al. 2004a) and lakes (Jones 2010) have now been 

incorporated into network processes to understand how they alter the continuum 

downstream. Tributaries can punctuate the continuum by introducing sediment, 

increased flow, and nutrients at confluences and create abrupt environmental changes 

(Rhoads 1987; Rice and Church 1998; Rice et al. 2001; Kiffney et al. 2006). A confluence 

occurs when a tributary joins with a mainstem. The tributary is the smallest of the two 

joining streams and the mainstem is the larger one. Rice et al. (2001) proposed the Link 

Discontinuity Concept (LDC) to address the importance of tributaries in creating 

discontinuities in stream networks. They studied the Pine and Sukunka rivers in British 
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Columbia and assessed the effects of their tributaries and lateral sediment sources (dry 

intermittent tributaries) on benthic macroinvertebrate community organization. They 

found that the patterns of community change in the rivers were related to the changes 

in sediment size, water conductivity, and temperature cause by tributaries and lateral 

sediment sources, showing their importance in shaping biological patterns in stream 

networks. Benda et al. (2004a) also aimed to show the implications of rivers as networks 

rather than linear features and suggested that tributary effects at confluences depend 

on network structure. For example, Benda et al. (2004b) found that the basin size of the 

tributary relative to the mainstem basin size was important in determining significant 

introductions of wood and sediment at confluences in western Canada and the United 

States because larger basins usually produce greater amounts of sediment. Based on 

this, they also proposed that basin shape influences the likelihood of 

geomorphologically significant confluences. An elongate basin is characterized by small 

tributaries joining with a mainstem, whereas heart-shaped or pear-shapes basins will 

have dendritic networks creating larger tributaries. Given that Benda et al. (2004a) 

proposed that larger tributaries were more likely to cause significant effects at 

confluences, they suggest that heart-shape or pear-shape networks have a greater 

probability of having significant confluences.  

 Tributaries can have a range of effects on the mainstems they join with. They are 

associated with hydrological, geomorphological, chemical, and biological gradient 

changes at or below confluences (Rice and Church 1998; Benda et al. 2004b; Kiffney et 

al. 2006). Tributaries can alter the flow, channel width, and channel depth at 
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confluences. Channel width generally increases below confluences due to increases in 

water volume. Channel depth can increase via the creation of scour holes or decrease 

due to sediment deposition (Rhoads 1987). Sediment size gradients in mainstems can be 

abruptly interrupted by tributaries if they contribute material significantly different in 

size than the mainstem. For example, a tributary transporting coarse sediment joining 

with a slower moving mainstem with finer sediment could deposit coarse sediment at 

the confluence resulting in increased habitat heterogeneity. Tributaries have also been 

shown to punctuate mainstem chemical gradients by altering water temperature and 

conductivity below confluences (Rice et al. 2001; Kiffney et al. 2006). The abiotic effects 

of tributaries at river confluences described above can have important implications for 

lotic communities. The increased habitat heterogeneity at confluences caused by the 

tributary inputs has been shown to affect biotic communities and create biodiversity 

‘hotspots’ (Benda et al. 2004a).  

 Community distributions are shaped by environmental gradients (Whittaker 

1967) and the tolerance ranges of species (ter Braak and Prentice 1988). A species’ 

distribution can be limited by large-scale geological factors or even by small-scale local 

habitat features (Heino et al. 2004; Heino et al. 2008). Lotic benthic invertebrate 

colonization and establishment has been strongly linked to the environmental 

characteristics of streams, and therefore, changes in these environmental 

characteristics can alter benthic invertebrate communities (Poff 1997). For example, 

substrate size is an important factor of benthic invertebrate colonization. Cobble offers 

a stable environment where clinging invertebrates can thrive and gravel offers small 
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interstitial spaces providing shelter for smaller invertebrates (Mackay 1992). Benthic 

invertebrate communities respond to the physical and chemical alterations caused by 

tributaries resulting in community changes at or below confluences. Indeed, Kiffney et 

al. (2006) found increased abundances of benthic invertebrate consumers and predators 

at or below confluences as a result of increased wood volume, substrate heterogeneity, 

nutrients, and algal biomass. Confluences are strategically used by freshwater dolphins 

(Kreb and Budiono 2005) and fishes (Fernandes et al. 2004) as feeding grounds due to 

the increased food source provided by tributaries. A river-breeding frog in California has 

also been shown to use confluences during breeding due to the shallower and slower 

moving waters (Kupferberg 1996). The biological responses to tributary effects 

demonstrates that confluences are important factors influencing species distributions in 

stream networks and have significant implications in the management of these aquatic 

systems (Benda et al. 2004a; Kiffney et al. 2006; Milesi and Melo 2014; Jones and 

Schmidt 2017). 

 To facilitate the management of flowing waters, resource managers have 

developed different stream classification systems. These classifications are usually built 

on known ecosystem processes and reduce the complexity of stream networks (Brenden 

et al. 2006; Melles et al. 2014). According to Melles et al. (2014), creating integrated 

stream classifications can be challenging because there are several factors to consider, 

such as using the best unit of scale to divide networks, understanding how climate and 

geology shape the networks, and understanding how to incorporate the effects of 

confluences, lakes and wetlands in stream networks. An Aquatic Ecosystem 
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Classification is being developed for Ontario to facilitate resource use planning and 

development, monitoring, and identifying regions supporting species at risk (Melles et 

al. 2013). Abrupt gradient interruptions at confluences may reveal significant breaks in 

flowing waters which could influence a network’s classification. In order to identify 

where significant breaks may occur in stream networks due to confluence, Jones and 

Schmidt (2017) proposed using remotely sensed geographic information to calculate the 

probability of significant confluences, where tributary effects disrupt the mainstem’ 

ecological gradient. They proposed the Network Composition Hypothesis (NCH) where 

the probability of significant confluences is a function of confluence symmetry ratio 

(CSR, the tributary drainage area relative to the mainstem drainage area) and 

dissimilarity between the tributary and mainstem landscape characteristics.  

 Jones and Schmidt (2017) proposed CSR because it has been shown to be an 

important factor influencing the significance of tributary effects. As the tributary to 

mainstem ratio increases, the likelihood of abrupt abiotic and biotic changes at 

confluence also increases. Rhoads (1987) found that significant geomorphological 

changes occurred when the CSR approached 0.6-0.7. Similarly, others have also 

associated significant geomorphological, chemical, and biological changes with 

increased CSRs (Rice et al. 2001; Benda et al. 2004b; Kiffney et al. 2006; Milesi and Melo 

2014). For example, a small tributary with a wetted width of one metre might not add 

enough volume to a mainstem ten metres in width to significantly widen the mainstem 

channel below the confluence, however, a tributary equal in size to the mainstem could 

potentially double the channel width. A geomorphological change such as this could 
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lead to increased sunlight (due to a decreased canopy cover) and in turn increase 

primary productivity below the confluence. 

Landscape dissimilarity was proposed as a predicting factor in identifying 

significant confluences because streams are shaped by the landscapes which they drain 

(Hynes 1975). For example, agricultural land use can have multiple abiotic and biotic 

effects in streams and has been shown to influence benthic invertebrate community 

composition. It can limit the use of intersitial space by biota due to sedimentation, 

increase autotrophic production due to increses in nutrient concentrations, and it can 

decrease the abundance of pollutant sensitive organisms (Allan 2004; Burdon et al. 

2013). Geology is also responsible for shaping benthic invertebrate distributions. Neff 

and Jackson (2011) and Hellmann et al. (2015) showed that water quality parameters 

within streams were influenced by the geological composition of a drainage basin and 

shaped the benthic invertebrate communities within. Given that landscape 

characteristics and geology affect stream typology, Jones and Schmidt (2017) predicted 

that streams draining contrasting landscapes would be different in physical, chemical, 

and biological character (Rice et al. 2001; McClain et al. 2003). However, this possibility 

has not received much attention within the context of tributary effects (but see 

Hellmann et al. 2015).  

 Developments in stream ecology are continuously growing as an increasing 

number of theories and concepts are proposed. While theoretical knowledge in stream 

ecology is growing, many of these new theories or concepts have yet to be tested in the 

field or take decades to be tested, such as the Serial Discontuinuity Concept (describing 
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the role of impoundments along rivers) proposed by Ward and Stanford (1983) which 

was not formally tested until 2014 by Ellis and Jones. My study is the first test of the 

NCH which will address the roles of CSR and landscape dissimilarity in creating abrupt 

changes below confluences. This was done by assessing the effects of these two factors 

on benthic invertebrate communities below confluences. Communities below 

confluences were compared to ones above the confluence to determine how CSR and 

landscape dissimilarity influenced community changes. Benthic invertebrates have 

shown to be useful for measuring ecological changes in stream networks. Their reduced 

mobility (compared to fish) makes them easy to collect and their high responsiveness to 

changes in their environment (e.g. substrate size, water temperature) reflect the state 

of the stream (Karr and Chu 1999; Environment Canada 2012). Studying the effects of 

tributaries in stream networks will help managers understand how confluences can be 

incorporated into stream classifications and will have important implications for the 

planning, monitoring, and conservation of flowing waters (Melles et al. 2014).  
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IIIIntroductionntroductionntroductionntroduction    

The River Continuum Concept (RCC) predicts the spatial organization of riverine 

communities in forested drainages, based largely on the gradual change of physical and 

environmental conditions such as river width, water temperature, and organic matter 

inputs from headwaters to river reaches downstream (Vannote et al. 1980). Although 

the RCC can be used to generalize large scale patterns in rivers, stream ecologists have 

recognized that abiotic gradients typically have abrupt changes at intermediate and 

local spatial scales (Rhoads 1987; Rice et al. 2001; Benda et al. 2004). Tributaries, lakes, 

and impoundments can interrupt geomorphic and water quality gradients along a river 

which can in turn interrupt chemical (Larson et al. 2007) and biotic gradients (Ward and 

Standford 1983; Bruns et al. 1984; Poole 2002; Jones 2010). Rice et al. (2001) proposed 

the Link Discontinuity Concept, which recognizes how tributaries often recruit sediment 

and change local geomorphic characteristics (e.g. sediment size, channel slope). Thus, 

instead of following a smooth continuous gradient as suggested by the RCC, streams 

may follow a sawtooth pattern, or a discontinuum (Perry and Schaeffer 1987; Rice et al. 

2001). The bulk of studies examining tributary effects on mainstems focus on stream 

geomorphology (e.g. channel width, slope, and substrate size) and hydrology (Rhoads 

1987; Rice and Church 1998; Benda et al. 2004). The interruption of abiotic gradients at 

confluences, where a tributary meets the mainstem channel, can lead to both increased 

habitat heterogeneity and biological diversity (Benda et al. 2004; Fernandes et al. 2004; 
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Kiffney et al. 2006; Rice et al. 2006) and these abiotic changes can influence the 

structure of fish distributions (Lanthier et al. 2015).  

Tributaries can influence mainstem biotic communities below confluences if they 

alter the abiotic characteristics significantly. Lotic benthic invertebrate colonization and 

establishment has been strongly linked to the environmental characteristics of streams, 

and therefore, changes in these environmental characteristics can alter benthic 

invertebrate communities. For example, substrate size is an important factor of benthic 

invertebrate colonization. Cobble offers a stable environment where clinging 

invertebrates can thrive and gravel offers small interstitial spaces providing shelter for 

smaller invertebrates (Mackay 1992). Canopy cover can indirectly influence scrapers, a 

guild of benthic invertebrates which scrape algae from the stream substrate, by 

influencing the amount of sunlight reaching the stream and directly affecting the 

amount of primary production (Hawkins et al. 1982). 

Not all tributaries disrupt longitudinal environmental gradients. Confluence 

symmetry ratio (CSR, the size of the tributary drainage area relative to the mainstem 

drainage area) has been shown to be an important factor in determining changes 

caused by tributaries. As tributary size approaches that of the mainstem, it is more likely 

to alter physical, chemical, and in turn biotic, variables downstream from confluences. 

For example, a small tributary with a wetted width of one metre might not add enough 

volume to a mainstem ten metres in width to significantly widen the mainstem channel 

below the confluence, however, a tributary equal in size to the mainstem could 

potentially double the channel width. A geomorphological change such as this could 
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lead to increased sunlight due to a decreased canopy cover, and in turn, increase 

primary productivity. Rhoads (1987) noted that larger tributaries, where CSR was >0.6, 

were more likely to create significant geomorphological (e.g. wetted width, grain size, 

grain sorting) changes in the mainstem channel. Kiffney et al. (2006) found that 

environmental changes like wood volume, substrate diversity, and nutrients peaked at 

or below confluences, and that changes in benthic invertebrate community composition 

was linked to CSR. Similarly, others have found that the probability of geomorphological 

and biological changes at or below confluences increased as CSR increased (Benda et al. 

2004; Milesi and Melo 2014).  

The abiotic characteristics of streams are shaped by the landscapes which they 

drain (Hynes 1975). For example, agricultural land use can have multiple abiotic and 

biotic effects in streams and has been shown to influence benthic invertebrate 

community composition. Agricultural impacts can limit the use of interstitial space by 

biota due to sedimentation, increase autotrophic production due to increases in 

nutrient concentrations, and decrease the abundance of pollutant sensitive organisms 

(Allan 2004, Burdon et al. 2013). Geology is also responsible for shaping benthic 

invertebrate distributions. Neff and Jackson (2011) and Hellmann et al. (2015) showed 

that water quality parameters within streams were influenced by the geological 

composition of a drainage basin and shaped the benthic invertebrate communities 

within. Because landscape characteristics and geology affect stream typology, it can be 

expected for streams draining contrasting landscapes to be different in physical, 

chemical, and biological character (Rice et al. 2001; McClain et al. 2003). However, this 



14 

 

 

 

possibility has not received much attention within the context of tributary effects (but 

see Hellmann et al. 2015).  

 Jones and Schmidt (2017) recognized that differences in landscape 

characteristics between the mainstem and tributary could also play an important role in 

tributary effects, particularly in non-mountainous streams where geomorphic changes 

are often subtle. They proposed the Network Composition Hypothesis (NCH) where 

both CSR and landscape differences between the tributary and mainstem drainages be 

used to assess the likelihood of ecological change downstream from confluences (Fig.1), 

and that such changes operate at large segment-scales, not only near confluences. They 

calculated CSR and landscape differences for more than 10,000 confluences in southern 

Ontario using remotely sensed geographic information. The landscape characteristics 

used to calculate landscape differences were i) base flow index (BFI), ii) the percentage 

of the drainage area with clay geology, and the percentage of the land covered by iii) 

forest, iv) wetlands, and v) agriculture. BFI is the ratio between the base flow of a 

stream and the total stream flow. Base flow provides streams with cold groundwater, 

unlike surface runoff, which can be inconsistent in magnitude and vary in temperature 

(Neff et al. 2005). Base flow is important for many organisms in streams. For example, 

Brook Trout (Salvelinus fontinalis), distribution is limited by stream flow and 

temperature (Nuhfer et al. 2017). By using remotely sensed data they predicted the 

likelihood of significant tributary effects at confluences based on CSR and landscape 

differences between the tributary and mainstem drainage basins. Increases in landscape 

differences between the tributary and mainstem drainage areas should decrease the 
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relative size of a tributary needed to cause ecological changes below the confluence 

(Jones and Schmidt 2017). For example, a relatively small, warm and turbid tributary 

flowing into a cold clear trout stream may cause greater changes downstream than a 

similar sized tributary that is also cold and clear.  

As a first test of the NCH, the goal of this study was to determine if CSR and 

landscape differences are meaningful predictors of community changes below 

confluences. The ability to predict abrupt ecological changes in stream networks using 

these two predictors would allow resource managers to identify significant confluences 

across broad spatial scales without the need for intensive field sampling. Identifying 

meaningful breakpoints in stream networks could have important implications for 

stream biodiversity, resource management, and policy-making. 

In this study, I tested the hypothesis proposed by Jones and Schmidt (2017) that 

ecological changes downstream from the confluence reflect the combined influence of 

CSR and landscape differences between a tributary and the mainstem. This hypothesis 

was based on the assumption that benthic invertebrate communities would respond to 

environmental changes, such as flow, substrate size, turbidity, and nutrients, triggered 

by tributary size and type. I assessed differences between benthic invertebrate 

communities upstream and downstream of confluences. Based on Jones and Schmidt 

(2017) benthic communities downstream should become increasingly different from 

upstream communities as CSR and landscape differences between the mainstem and 

tributary drainages increase (Fig. 2). Benthic invertebrates are mobile animals and can 

therefore travel via different mechanisms (e.g. drift, crawling, flight; Mackay 1992) from 
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the tributary to the mainstem and vice versa. Although they can travel between 

reaches, their establishment in a reach will depend on the habitat suitability. A tributary 

with a community similar to the upstream mainstem community would not be expected 

to alter the community composition below the confluence because the tributary would 

not add new species to the downstream community. However, a tributary with a 

distinct community would be expected to contribute new species downstream if the 

tributary altered the environment sufficiently to sustain new colonization and 

establishment below the confluence. Many studies have focused on tributary effects at 

the confluence (Bruns et al. 1984; Perry and Schaeffer 1987; Hellmann et al. 2015), but 

their effects may persist further downstream. I therefore focused on changes further 

downstream where the mainstem and tributary have mixed (Gaudet and Roy 1995) to 

see if tributary effects persisted.  

If tributary size and type influence environmental conditions below confluences, 

then changes in the benthic invertebrate community may vary with CSR and landscape 

differences following either a linear, power, or sigmoidal functional form. A linear 

relationship may emerge if taxa react incrementally to environmental change (Fig. 2). 

More realistically, a power or sigmoidal functional response should be found if benthic 

invertebrate taxa have a variety of niche widths and tolerances. For example, initial 

changes in environmental conditions may lead to little change in the composition of 

taxa, as only those on the edge of their niche, or those with narrow niches, become 

absent. A rapid change in community composition may be observed as environmental 

changes increase and even taxa with broad niches are pushed out of their niches. 
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Similarly, I anticipate a sigmoidal functional form if the rate of change in downstream 

communities attenuates due to taxa with wide niches remaining abundant, even with 

the greatest of environmental changes.  

Even without tributary interruptions, lotic communities are spatially patchy 

(Townsend 1989; Wright and Li 2002). Community composition in streams can be highly 

variable at multiple spatial scales. At large spatial scales, communities can vary due to 

geographic location and landscape features (Neff and Jackson 2011; Hellmann et al. 

2015). At small spatial scales, communities can vary due to differences in habitat (e.g. 

riffles and pools). These local habitats can vary in geomorphology (e.g. substrate type), 

hydrology (e.g. water velocity), and water quality (e.g. water temperature) and in turn 

affect the benthic invertebrates that colonize these habitats (Poff and Ward 1989; 

Jacobsen et al. 1997; Richards et al. 1997; Townsend et al. 1997; Jones 2013). Benthic 

invertebrate communities collected from similar habitats within a reach can exhibit high 

variability in composition (Heino et al. 2004). Given that variability in community 

composition within samples of a common reach can be expected, I evaluated 

community variability within and among reaches of confluences. The assumption that 

variability within a reach of a confluence is less than the variability among reaches is 

important if any changes in community composition are to be detected.  If variability in 

the benthic invertebrate community within an upstream reach is equal to or greater 

than the variability among upstream and downstream reaches, then statistical analyses 

are unlikely to detect changes in community composition. To examine within and among 

reach variability at confluences I collected five benthic invertebrate samples upstream 
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and downstream from three confluences. Here, I was interested in the variance in 

community similarity comparison measures rather than the similarity values themselves. 

I expected that within reach comparisons would have a lower variance than among 

reach comparisons.  
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Figure 1. The probability of abrupt changes below confluences, as shown in Jones 

and Schmidt (2017), is a logistic function of both confluence symmetry ratio (CSR, 

the tributary drainage area relative to the mainstem drainage area) and the 

differences in landscape characteristics between the tributary and mainstem 

(measured as a Euclidean distance). The probability of abrupt changes 

downstream increases as the size of the tributary approaches to that of the 

mainstem (from green shade (top left) where CSR is small to red shade (top right) 

where CSR is high). As landscape characteristics become increasingly different, the 

probability of abrupt changes shift towards lower CSRs. 
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Figure 2. Hypothesized community similarity between upstream and downstream 

reaches of a confluence varying as a linear function of confluence symmetry ratio 

(CSR, the ratio of the tributary to mainstem drainage area) and landscape 

differences (LD, measured as a Euclidian distance between the tributary and 

mainstem drainage landscape characteristics). When CSR and LD are low, 

community similarity is high (green). Community similarity decreases (red) as CSR 

and LD increase. The red line marks the upper range of LD values sampled. 
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MMMMethodsethodsethodsethods    

This study was conducted in southern Ontario, Canada (Fig. 3). The study sites 

were selected to reflect a gradient in CSR and landscape differences. Confluence 

symmetry ratio and landscape differences were calculated as in Jones and Schmidt 

(2017). Confluence symmetry can range between zero and one (e.g. a CSR of one 

represents a tributary equal in drainage area to the mainstem). Landscape differences 

were calculated as per Jones and Schmidt (2017) using a weighted Euclidean distance 

between the mainstem and tributary’s baseflow indices, % clay geology, % wetland 

cover, % forested cover, and % agricultural cover. Baseflow Index was given 40% of the 

weight, while % clay geology, %wetland, % forested, and % agricultural land cover were 

each assigned 15% of the weight. Landscape differences can range between zero to 100 

(e.g. a distance of zero represents a mainstem and tributary draining identical 

landscapes). Confluences where the mainstem or tributary drainage area was < 1km2 

were not included in the selection to ensure there was enough flow in the stream for 

sampling. A total of 34 confluences were sampled in southern Ontario from early May to 

mid-June 2015. CSR values ranged from 0.11 - 0.94 and the landscape differences 

ranged from 1.8 - 33.7 (A-1).  

Each confluence was treated as three reaches: upstream, downstream, and the 

tributary. Benthic invertebrates were collected in three riffles within each reach (3 riffles 

per reach X 3 reaches per confluence X 34 confluences = 306 benthic invertebrate 

sampling transects) to obtain a good representation of the reach (Fig. 4). Sampling in the 

downstream reach was conducted at a distance of at least twenty times the wetted 
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width of the mainstem to ensure proper mixing of the mainstem and tributary (Gaudet 

and Roy 1995) (Fig. 4). To determine if the mainstem and tributary had mixed, stream 

discharge was calculated by measuring the width and depth of the channel as well as 

the water velocity at five cross-sections at every transect where benthic invertebrates 

were collected. Sampling in the upstream and tributary reaches was conducted at least 

one riffle above the confluence to ensure there was no mixing between the two 

reaches.  

Benthic invertebrates were collected using a triangular net with a 400µm mesh 

net while kicking the substrate for three minutes in riffle habitats. Samples were 

collected from riffle-like areas to minimize the effects of habitat variability on 

community structure. At confluences where riffles were not present, transects with 

similar substrates were sampled in all reaches. Benthic invertebrate samples from each 

transect were preserved with 10% formalin. After a minimum 36-hour period the 

benthic invertebrate samples were transferred into 70% ethanol. All three benthic 

invertebrate samples collected from the same reach were combined as a single sample 

to represent the entire reach (1 benthic invertebrate sample X 3 reaches X 34 

confluences = 102 benthic invertebrate samples). A Merchant Box was used to randomly 

pick benthic invertebrates from samples using a 300-count. All benthic invertebrate 

were identified to the lowest practical level (mostly genus).  

Other factors can influence benthic invertebrate communities at the local scale. 

To understand anomalies in the data not explained by CSR and landscape differences I 

collected local-scale measurements. A rapid assessment of stream morphology was 
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performed following each benthic invertebrate transect (Fig. 4). Wetted width and 

water depth were measured with a measuring tape and meter stick respectively. Water 

velocity was measured using the hydraulic head method (Stanfield 2013). Percent 

substrate composition was visually estimated as clay and silt (<0.0625mm), sand (0.0625 

– 2mm), small gravel (2 – 32mm), large gravel (32 – 64), cobble (64 – 256), and boulder 

(>256mm). Canopy cover was measured using a concave spherical densiometer in four 

quadrats (facing upstream, right bank, downstream, and left bank). Substrate size in 

every reach was calculated from the median class size of every substrate category 

present within a reach and its relative abundance. Substrate diversity was calculated 

using the Simpson diversity index. Water quality was measured at one location in every 

reach (3 reaches X 34 confluences = 102 water quality samples, see sampling diagram). 

Temperature (°C), conductivity (μS m-1), and pH were measured using a HI98129 Combo 

pH/Conductivity/TDS tester. Turbidity (NTU) was measured using a LaMotte 2020 

turbidity metre. Total phosphorus (TP, µg·L-1) analysis was performed in the laboratory 

using the molybdovanadate blue method.  

In addition to the extensive sampling methodology described above, I also 

examined invertebrate communities more intensively by collecting a greater number of 

samples at a subset of confluences to understand spatial variability within and among 

reaches. In late April and early May 2016, three confluences were sampled in southern 

Ontario. CSR and landscape differences for the three confluences sampled were 0.11 

and 5.7, 0.48 and 5.4, and 0.97 and 19.8, respectively. Here, benthic invertebrates were 

only collected within the upstream and downstream reaches of confluences, not within 
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the tributary. Five benthic invertebrate samples were collected in reaches upstream and 

downstream from the confluences. The sampling protocol for benthic invertebrates, 

stream morphometry, and water quality was the same as described above, however, to 

allow the comparison of communities within a reach the benthic invertebrate samples 

collected within a same reach were not pooled together (Fig. 5). 

Preliminary Spearman correlation analysis indicated that all community similarity 

indices provide very similar values (A-8). Consistent with many other studies I chose the 

Bray-Curtis measure (eq.1) to assess community similarity, where aN is the total number 

of individuals in site A, bN is the total number of individuals in site B, and jn is the sum of 

the lowest abundance for every species for sites A and B (Legendre and Legendre 2012). 

The Bray-Curtis measure is an abundance-based measure.  

���� − ����	
 ����	�� �		���	�� =
���

�����
               [eq. 1] 

A Bray-Curtis value of zero represents completely different communities and a value of 

one represents identical communities. To calculate Bray-Curtis similarity between 

confluence reach pairs I used the program EstimateS (Colwell 2013). I compared the 

community composition using individuals from the orders Ephemeroptera, Plecoptera, 

and Trichoptera (EPT) identified to the lowest practical level, mostly genus. Using whole-

community data would have included too many taxa including generalist species that 

are usually in high abundances and could mask overall differences in communities (King 

and Baker 2010). SIMPER (similarity percentage) analysis in the program PAST (Hammer 

et al. 2001) was used to determine which taxa contributed most to the differences 
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between upstream and downstream communities at every confluence (n=34). The 

linear, power, and sigmoidal regressions were performed using R version 3.2.5 (R Core 

Team 2016). The linear regression was performed using the lm function while the power 

and sigmoidal regressions were performed using the nls function in the nlstools package 

(Baty et al. 2015). In all three models, CSR and landscape differences were included as 

predictors of Bray-Curtis community similarity.  

Pearson correlations were performed on the instream variables and Bray-Curtis 

measures to determine if upstream and downstream differences in physical and 

chemical variables were associated with differences in invertebrate communities. 

Spearman correlations were also performed where the variables did not meet the 

normality assumptions.  

To examine spatial variability of invertebrates within and among reaches, I 

calculated the Bray-Curtis similarity measure among all five transects within the 

upstream reach (10 unique comparisons), the downstream reach (10 unique 

comparisons), and among all 10 transects in the upstream and downstream reaches (25 

unique comparisons) at the three confluences. Again, I used individuals of the orders 

EPT identified to the lowest practical level, mostly genus, to calculate the community 

similarity measure. I compared the community similarity values within the upstream 

reach, within the downstream reach, and among the upstream and downstream 

reaches of all three confluences using Levene’s test to determine if variance in 

community similarity was different within and among reaches. All analyses were 

evaluated at a significance level of 0.05. 
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Figure 3. Map of southern Ontario, Canada, showing where 34 confluences were 

sampled in 2015 (circles) and three confluences were sampled in 2016 (triangles). 
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Figure 4. Spring 2015 confluence sampling design showing locations where 

benthic invertebrates and stream morphology were collected and recorded (black 

circles) and where water quality was measured and sampled (white circles). 
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Figure 5. Spring 2016 confluence sampling design (to compare variance in benthic 

invertebrate community composition within and among reaches of confluences) 

showing locations where benthic invertebrates and stream morphology were 

collected and recorded (black circles) and where water quality was measured and 

sampled (white circles). 
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RRRResultsesultsesultsesults    

All sampling below confluences occurred at a distance 20 times that of the 

wetted width of the mainstem to ensure complete mixing of the mainstem and tributary 

water. To determine if the water from the two branches had indeed mixed, I compared 

the water temperature recorded below confluences to the temperature that would 

have been expected based on the mainstem and tributary temperature and discharge 

above the confluence. The observed temperatures were very close to the expected 

temperatures (Fig. 6) suggesting that the water from the mainstem and tributary were 

indeed mixed at the sampling locations below confluences.  

Bray-Curtis similarity values varied between zero (completely different 

communities) where CSR = 0.74 and landscape differences = 19.31, and 0.86 where 

CSR= 0.11 and landscape differences= 8.34 (A-4). CSR was a significant predictor of 

benthic invertebrate community differences in all three functional models. The two best 

models ranked using Akaike’s Information Criterion (AICc where n<40) were the power 

(-12.091) and linear (-11.557) models using only CSR as a predictor of community 

similarity. Landscape difference was not a significant predictor in any of the models, 

however, it had a weak effect in the linear model where CSR was also included, and in 

the sigmoidal model where CSR and the interaction term were included. The interaction 

between CSR and landscape differences was not significant in models, however, it did 

improve the effects of CSR and landscape differences in the linear, power, and sigmoidal 

models (Table 1). A test of collinearity between CSR and landscape differences was 

performed to determine if collinearity between the two variables caused these 

improvements, and showed no significant correlation (r= 0.22, p= 0.206). Overall, seven 
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of the twelve models had relatively close AICc values varying between -10.122 to -

12.091 (Table 1) suggesting they all performed similarly. The power model using CSR as 

a predictor of benthic invertebrate community similarity was significant but had a low 

coefficient of determination (R2= 0.108, p= 0.037). The linear model using CSR as a 

predictor was weak but not significant and also had a low coefficient of determination 

(R2= 0.094, p= 0.079) (Fig.7).                           

The SIMPER analysis showed that 16 taxa were the main contributors to 

upstream-downstream community differences at the 34 confluences. At eight of the 34 

confluences, Beatis was the lead contributor to community differences (Table 2). In 

those cases, Beatis on average accounted for 33% (s= 12) of the upstream and 

downstream community differences. Examples of the community composition of 

confluences are provided to show unique and shared species amongst the three reaches 

sampled (Fig. 8). Bray-Curtis similarity between two reaches tended to be higher when 

communities had a greater number of taxa in common (see A-7). Baetis was responsible 

for 36% of the community differences between reaches where it composed 32% of the 

relative community abundance in the upstream reach and 37% in the downstream reach 

(Fig. 8a). Baetidae was responsible for 19% of the community differences where it 

composed 13% of the relative community abundance in the upstream reach and 0% in 

the downstream reach (Fig. 8b).  Baetidae was resposible for 67% of the community 

differences where it composed 0% of the relative community abundance in the 

upstream reach and 62% in the downstream reach (Fig. 8c). 
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Pearson and Spearman correlations showed that upstream to downstream 

differences in substrate size, substrate diversity, and TP were weakly but significantly 

correlated with differences in Bray-Curtis community similarity (Table 3, Table 4). The 

Levene’s test for intensively sampled confluences showed that the variance in 

community similarity was equal within and among reaches at confluence a (F= 1.656, p= 

0.203) and confluence b (F= 1.321, p= 0.278). However, at confluence c, variance was 

lower within the upstream reach (F= 3.65, p= 0.034) (Fig. 9).   
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Figure 6. Observed temperature (°C) in downstream reaches of confluences 

compared to expected downstream temperatures based on mainstem and 

tributary discharge (m3·s¯¹) and temperature (°C). 
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Figure 7. Scatterplots of Bray-Curtis community similarity response vs 

confluence symmetry ratio (measured as the tributary drainage area relative to 

the mainstem drainage area) fitted as a) a power function, and b) a linear 

function. 
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Figure 8. Bray-Curtis (BC, 0= completely different, 1= identical) community 

composition diagrams showing which taxa are common to the upstream (U), 

downstream (D), and tributary (T) reaches of three confluences across a gradient 

of confluence symmetry ratio (CSR, the ratio of the tributary to mainstem drainage 

area) and low landscape differences (LD, measured as a Euclidian distance 

between the tributary and mainstem drainage landscape characteristics). Shown 

in bold are the taxa which contribute most to community differences. At a) taxa 6 

contributes to 36% of the U-D differences, and taxa 8 contributes to 25% of the 

U-T community differences and to 26% of the T-D community differences. Taxa 

1= Acentrella sp, 2= Ameletus, 3= Amphinemura sp., 4= Arctopsyche sp., 5= 

Baetidea, 6= Baetis, 7= baetis tricaudatus, 8= baetis tricaudatus group, 9= 

Epeorus, 10= Ephemeralla, 11= Hydropsyche, 12= Hydroptilidae, 13= Ironoquia, 

14= Leptophlebiidae, 15= leuctridae, 16= Limnephilidae, 17= Nemouridae, 18= 

Paragnetina sp., 19= Paraleptophlebia, 20= Perlodidae, 21= Protoptila, 22= 

Rhyacophila. At b) taxa 5 contributes to 19% of the U-D community differences, 

taxa 21 contributes to 17% of the U-T community difference, and taxa 6 

contributes to 38% of the T-D community differences. Taxa 1= Accentrella sp., 2= 

Acerpenna sp., 3= Agnetina, 4= Amphinemura sp., 5= Baetidae, 6= Baetis, 7= 

Baetis bicaudatus, 8= Baetis bicaudatus group, 9= Cheumatopsyche, 10= Diphetor 

hageni, 11= Diplectrona, 12= Dolophiloides sp., 13= Epeorus, 14= Ephemerella, 

15= Ephemerella dorothea/excrucians, 16= Ephemerellidae, 17= Heptageniidae, 

18= Hydropsyche, 19= Hydrotila, 20= Lepidostoma, 21= Leptophlebiidae, 22= 

Leuctra sp., 23= Leuctridae, 24= Maccaffertium sp., 25= Paraleptophlebia, 26= 

Philopotamidae, 27= Protoptila, 28= Pycnopysche sp, 29= Rhyacophila fuscula, 

31= Teloganopsis deficiens, 32= trichoptera. At c) taxa 3 contributes to 67% of 

the U-D community differences and to 74% of the T-D community diferences, 

taxa 10 contributes to 35% of the U-T community differences. Taxa 1= Acentrella 

sp., 2= Amphinemura sp., 3= Baetidae, 4= Baetis, 5= Baetis tricaudatus group, 6= 

Cheumatopsyche, 7= Ephemerellidae, 8= Heptageniidae, 9= Hydropsyche, 10= 

Hydroptila, 11= Hydroptilidae, 12= Nemouridae, 13= Oecetis, 14= Taeniopteryx. 
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Figure 9. Boxplots of Bray-Curtis community similarity within the upstream (U) 

reach, the downstream (D) reach, and among the upstream and downstream (UD) 

reaches of three confluences with (a) low (0.1), (b) medium (0.5), and (c) high (0.9) 

confluence symmetry ratio (CSR, the ratio of the tributary to mainstem drainage 

area). Variance in community similarity is different within the upstream reach in 

confluence c. The boxes show the median (horizontal line in box), the mean (+), 

the upper and lower quartiles (top and bottom of the box), and the minimum and 

maximum values (black circles). Minimum and maximum values above and below 

the bounds are considered outliers. The asterisk marks a reach where variance 

was significantly different. 
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Model Factor Estimate Standard 

Error 

t-value p-value AICc 

Linear 
      

BC ~ CSR Int. 0.615 0.073 8.455 <0.001 -11.557 

  CSR -0.239 0.131 -1.818 0.079 
 

BC ~ LD Int. 0.541 0.063 8.522 <0.001 -8.928 

  LD -0.003 0.004 -0.823 0.416 
 

BC ~ CSR + LD Int. 0.699 0.098 7.158 <0.001 -10.703 

  CSR -0.273 0.133 -2.058 0.048 
 

  LD -0.005 0.004 -1.270 0.213 
 

BC ~ CSR + LD + CSR * LD Int. 0.833 0.135 6.186 <0.001 -10.162 

  CSR -0.533 0.224 -2.376 0.024 
 

  LD -0.014 0.008 -1.867 0.072 
 

  CSR*LD 0.019 0.014 1.424 0.165 
 

Power       

BC ~ a + CSR^b Int. -0.588 0.053 -11.194 <0.001 -12.091 

  CSR -0.091 0.042 -2.173 0.037  

BC ~ a + LD^b Int. -0.437 0.130 -3.372 0.002 -8.543 

  LD -0.028 0.055 -0.508 0.615  

BC ~ a + CSR^b + LD^c Int. -1.468 0.130 -11.260 <0.001 -10.809 

  CSR -0.103 0.042 -2.431 0.021  

  LD -0.058 0.062 -0.934 0.358  

BC ~ a + CSR^b + LD^c + CSR * LD^d Int. -1.478 0.158 -9.349 <0.001 -8.085 

  CSR -0.103 0.043 -2.399 0.023  

Table 1. Summary of linear, power, and sigmoidal regression models. The variables included in the models were confluence symmetry 

ratio (CSR, the ratio of the tributary to mainstem drainage area), and landscape differences (LD, measured as a Euclidian distance 

between the tributary and mainstem drainage landscape characteristics). Significant (α=0.05) values are shown in bold. AICc values 

rank models relative to each other and the smallest value represents the best model.  
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Model Factor Estimate Standard 

Error 

t-value p-value AICc 

  LD -0.053 0.072 -0.747 0.461  

  CSR*LD -5.999 13.819 -0.434 0.667  

Sigmoidal       

BC ~ (1/(1 + exp(-1 * (a + b * CSR)))) Int. 0.466 0.297 1.567 0.127 11.575 

  CSR -0.970 0.539 -1.800 0.081  

BC ~ (1/(1 + exp(-1 * (a + b * LD)))) Int. 0.165 0.255 0.646 0.523 -8.929 

  LD -0.012 0.015 -0.821 0.418  

BC ~ (1/(1 + exp(-1 * (a + b * CSR + c * LD)))) Int. 0.814 0.408 1.997 0.055 -10.751 

  CSR -1.117 0.552 -2.024 0.052  

  LD -0.020 0.015 -1.300 0.203  

BC ~ (1/(1 + exp(-1 * (a + b * CSR + c * LD + d * CSR * LD)))) Int. 1.343 0.575 2.337 0.026 -10.122 

  CSR -2.184 0.959 -2.277 0.030  

  LD -0.057 0.032 -1.783 0.085  

  CSR*LD 0.080 0.057 1.398 0.172  
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Upstream to 

Downstream Upstream to Tributary Tributary to Downstream 

Site taxa 

% 

Cont. taxa 

% 

Cont. taxa 

% 

Cont. 

KL_11230 

Caenis 

latipennis 20.7 Hydroptila 28.2 Hydroptila 17.7 

KL_11817 

Heptageniida

e 16.2 Ephoron sp. 25.8 Ephoron sp. 23.9 

KL_13058 Baetis 28.8 

Amphinemura 

sp. 21.5 Amphinemura sp. 17.0 

KL_8953 Leuctridae 34.4 Leuctridae 36.6 Brachycercinae 18.4 

L.Ont_1195 Acentrella sp. 36.9 Acentrella sp. 33.7 Baetidae 37.2 

L.Ont_1336 

Leptohyphida

e 54.8 Leptohyphidae 50.0 Baetidae 35.0 

L.Ont_1408 Baetis 26.3 Baetidae 38.0 Baetidae 40.9 

L.Ont_1415 Baetis 33.2 

Philopotamida

e 47.1 Baetidae 38.9 

L.Ont_1526 

Baetis 

tricaudatus 

gp. 24.1 Baetis 21.4 Cheumatopsyche 16.0 

L.Ont_1531 Baetis 34.4 Hydroptila 32.3 Baetis 38.7 

L.Ont_1534 

Baetis 

tricaudatus 

gp. 30.4 

Baetis 

tricaudatus gp. 25.3 Baetis 29.2 

L.Ont_1562 Baetidae 19.2 Baetidae 18.4 

Teloganopsis 

deficiens 18.6 

L.Ont_1666 Baetis 36.2 

Baetis 

tricaudatus gp. 25.1 

Baetis 

tricaudatus gp. 25.6 

L.Ont_1670 Baetidae 25.0 

Diphetor 

hageni 24.7 Diphetor hageni 28.2 

L.Ont_1728 Hydropsyche 22.2 Baetidae 48.3 Baetidae 46.2 

L.Ont_1757 Baetidae 66.7 Hydroptila 35.0 Baetidae 73.8 

L.Ont_1826 Baetis 59.1 Baetis 52.9 Baetis 57.1 

L.Ont_1835 Hydroptila 66.4 Hydroptila 39.2 

Baetis 

tricaudatus gp. 76.7 

L.Ont_361 Leuctridae 30.4 Leuctridae 22.4 Leptophlebiidae 16.5 

L.Ont_559 Baetidae 18.8 

Leptophlebiida

e 17.2 Baetis 37.9 

L.Ont_761 Acentrella sp. 15.1 

Amphinemura 

sp. 18.5 Acentrella sp. 19.5 

L.Ont_975 Baetis 21.7 Baetis 64.2 Baetis 43.0 

Table 2.  SIMPER (similarity percentage) summary for all reach comparisons showing the taxa 

contributing most to the differences in community and the percentage of the community 

differences the taxa contributed to.  
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Upstream to 

Downstream Upstream to Tributary Tributary to Downstream 

Site taxa 

% 

Cont. taxa 

% 

Cont. taxa 

% 

Cont. 

Saug_1395 

Leptophlebiid

ae 21.4 

Leptophlebiida

e 19.5 Amphinemura sp. 18.1 

Saug_1414 

Stactobiella 

sp. 15.5 Hydropsyche 13.7 Stactobiella sp. 23.8 

Saug_2094 Caenis amica 35.6 Caenis amica 34.3 Caenis sp. 21.4 

Saug_2319 

Acerpenna 

pygmaea 31.9 Acerpenna sp. 23.1 Baetis 20.8 

Saug_4078 Hydropsyche 11.2 Baetis 15.1 Baetis 11.3 

Saug_4534 Baetidae 24.4 Hydropsyche 23.4 Hydropsyche 33.6 

Saug_5154 

Cheumatopsy

che 15.5 

Amphinemura 

sp. 27.8 Amphinemura sp. 33.3 

Saug_5212 Limnephilus 33.3 Capniidae 40.0 Capniidae 35.3 

Saug_5294 Hydropsyche 29.6 

Baetis 

tricaudatus gp. 23.3 Hydropsyche 25.6 

Sim_42601 Baetidae 47.5 Baetidae 45.7 Acentrella sp. 15.4 

Sim_50890 Baetis 22.2 Hydropsyche 27.9 Hydropsyche 29.0 

Sim_51803 Hydropsyche 34.7 

Hydropsychida

e 64.7 Hydropsychidae 37.7 
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 Bray-Curtis Width Canopy Depth Velocity Substrate Size Substrate Diversity 

Bray-Curtis 1 0.473 0.653 0.382 0.246 0.007 0.003 

Width 0.127 1 0.724 0.482 0.952 0.690 0.729 

Canopy 0.080 0.063 1 0.786 0.183 0.187 0.278 

Depth 0.155 -0.124 0.048 1 0.486 0.062 0.810 

Velocity -0.204 -0.011 0.234 0.123 1 0.813 0.942 

Substrate Size -0.459 -0.071 -0.232 -0.324 -0.042 1 0.000 

Substrate Diversity -0.492 -0.062 -0.191 0.043 -0.013 0.578 1 

Table 3. Pearson and Spearman correlations between upstream to downstream Bray-Curtis community similarity and 

the upstream to downstream differences in stream morphological variables measured, wetted width (m), canopy cover 

(%), water depth (m), velocity (m·s-1), substrate size (mm), and substrate diversity. Significant correlations are shown in 

bold. p-values are shown in italics. 
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 Bray-Curtis Temperature pH Conductivity Turbidity TP 

Bray-Curtis 1 0.879 0.595 0.208 0.786 0.043 

Temperature 0.027 1 0.475 0.486 0.085 0.203 

pH 0.094 -0.126 1 0.824 0.889 0.557 

Conductivity -0.221 0.123 -0.040 1 0.751 0.035 

Turbidity 0.048 0.300 0.025 0.056 1 0.602 

TP -0.349 -0.224 -0.104 0.363 -0.092 1 

Table 4. Pearson and Spearman correlations between upstream to downstream Bray-Curtis 

community similarity and the upstream to downstream differences in water quality variables 

measured, temperature (°C), pH, conductivity (µS·m-1), turbidity (NTU), and total phosphorus 

(TP, µg·L-1) Significant correlations (α=0.05) are shown in bold. p-values are shown in italics. 
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Discussion 

Tributaries can play important ecological roles in stream networks by changing 

hydraulic dynamics below the confluence, widening the channel, and adding coarse 

sediment and nutrients to the mainstem (Rice and Church 1998; Benda et al. 2003, 

2004). These types of changes can result in increased habitat heterogeneity and 

productivity and create biodiversity hotspots at confluences (Kiffney et al. 2006). Most 

studies focus on tributary effects directly at the confluence (Bruns et al. 1984; Perry and 

Schaeffer 1987; Hellmann et al. 2015). In contrast, this study assessed the functional 

response type of benthic invertebrate communities to tributary effects further 

downstream from the confluence, past the mixing zone. The results showed that 

community similarity between upstream and downstream reaches of confluences was 

best predicted by CSR as a power functional form followed closely by a linear form, 

however, only little of the variation in community similarity was explained by CSR in 

both models. Both showed a negative relationship between CSR and community 

similarity, suggesting that larger CSRs lead to greater differences in benthic invertebrate 

community. This effect of CSR on biota is consistent with other research on confluences 

finding that greater CSRs increased the probability of geomorphological changes below 

confluences (Rhoads 1987; Benda et al. 2004) and can lead to differences in water 

quality and community assemblages at or below confluences (Kiffney et al. 2006; Milesi 

and Melo 2014).  

Following Hynes's (1975) statement that “in every respect, the valley rules the 

stream”, river ecologists have found that streams are strongly influenced by their 
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drainage features (Richards et al. 1996; Allan et al. 1997; Leps et al. 2015). For example, 

streams in different biomes (e.g., deserts, grasslands, forests) have very different 

characteristics based on the landscapes they drain (Minshall et al. 1983; Abell et al. 

2000). Similarly, anthropogenic impacts within drainages (e.g. agriculture, urbanization) 

can lead to changes in a river’s thermal, flow, and sediment regimes which can affect 

benthic invertebrate communities (Sponseller et al. 2001; Matthaei et al. 2010; Jones et 

al. 2012; Wallace et al. 2013). Studies examining the effects of geological differences 

(Neff and Jackson 2011; Hellmann et al. 2015) showed that streams draining different 

geology types have distinct benthic invertebrate communities. These studies suggest 

that landscape and geology type are important factors that shape lotic benthic 

invertebrate communities. Due to the known effects of landscape features on benthic 

invertebrates, I expected greater differences in landscape characteristics between the 

mainstem and tributary drainages to lead to larger community differences below 

confluences. In this study, however, landscape differences showed weak and non-

significant effects on upstream-downstream community differences. The lack of a strong 

landscape difference effect could be due to the relatively small differences in landscapes 

available in southern Ontario as indicated by the red line in Fig. 2. Confluences that have 

contrasting mainstem and tributary landscapes are less abundant than confluences with 

similar mainstem and tributary landscapes, particularly when drainages are large (Jones 

and Schmidt 2017) and therefore the study was limited to confluences where the 

mainstem and tributary drained relatively similar landscapes. The confluence with the 

highest degree of landscape differences sampled had a Euclidean distance of 33, 
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whereas the maximum landscape differences found in southern Ontario is 100 (where 

the mainstem and tributary drainages have no common characteristics). However, only 

four confluences of this type exist in Ontario. It is possible that the range of landscape 

differences captured here is not broad enough to adequately assess landscape 

difference effects on benthic invertebrate communities. Sampling confluences where 

the mainstem and tributary drain different ecozones (with different geology, climate, 

and vegetation cover) could provide more insight into the effects of landscape 

differences on reaches downstream of confluences. The inclusion of contrasting 

landscapes may also influence the functional form of the Bray-Curtis response measure, 

particularly if physiological responses come into play.  For instance, two joining rivers 

with different thermal regimes may lead to sudden, non-linear, changes in community 

composition based on thermal preference and tolerances.  

It is possible that the method used to calculate landscape differences between 

the mainstem and tributary affected the outcome of this study. Landscape differences 

were calculated as per Jones and Schmidt (2017) using a weighted Euclidean distance 

between the mainstem and tributary’s drainage characteristics. Baseflow Index was 

given 40% of the weight, while % clay geology, %wetland, % forested, and % agricultural 

land cover were each assigned 15% of the weight. Including different landscape 

variables or using different weights affects the landscape difference value attributed to 

each confluence and can in turn influence the results. 

The interaction effects of CSR and landscape differences were not significant. A 

significant interaction effect would have been expected if the degree of landscape 
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differences needed to cause benthic invertebrate community changes decreased as CSR 

increased. It may be important to note that confluences with larger landscape 

differences had low CSRs. This is because larger tributaries tend to include more 

landscape area, and thus, more different types of landscapes. This results in larger 

streams that are more average and not unique (Jones and Schmidt 2017). Alternatively, 

small tributaries can be very specific to one type of landscape (e.g. 100% clay plain) and 

have ecological characteristics that contrast sharply with the mainstem. Small tributary 

size may not be enough to have any effects on benthic invertebrate communities below 

confluences despite the stronger difference in landscape characteristics with the 

mainstem. While there is evidence that the ratio of tributary to mainstem size is related 

to changes at or below confluences (Rhoads 1987; Benda et al. 2004), the absolute size 

of a tributary and mainstem may also be important. A tributary joining with a mainstem 

of a similar size can increase the channel width, open up the canopy cover, allow for 

more light penetration, and lead to an increase in autotrophs and grazers. In headwater 

streams, however, doubling the size of channel may still not be enough to create such a 

cascade, even where CSR is high.  

Aquatic communities are shaped by processes operating at multiple spatial 

scales (e.g. regional, segment, local habitat; Frissell et al. 1986, Wang et al. 2006). 

Understanding how these processes influence aquatic communities can help us predict 

community patterns in streams (Poff 1997; Allan et al. 2004; Jones et al. 2010). Stream 

communities can be determined by drainage land use, riparian vegetation, and in-

stream habitat features (Richards et al. 1996; Lammert and Allan 1999; Sandin 2009). In 
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this study, differences in drainage characteristics (BFI, % clay geology, % forested area, 

% agricultural area, and % wetland area) between the mainstem and tributary drainage 

area did not have significant effects on benthic invertebrate community changes below 

confluences. However, differences in TP above and below confluences were correlated 

with differences in benthic invertebrate community above and below confluences, 

suggesting that differences in TP and benthic communities above and below 

confluences are linked. Given that landscape characteristics affect TP concentrations in 

lotic systems (Dillon and Kirchner 1975; Jones et al. 2001; Jarvie et al. 2010), I expected 

that landscape differences would have an effect on benthic invertebrate communities. 

Higher concentrations of TP in aquatic systems can lead to greater primary production 

of algae and macrophytes and can lead to changes in the benthic invertebrate fauna 

composition (Chambers et al. 2012). Increased periphyton growth provides food and 

shelter from the current to benthic invertebrates grazing on the matter (Richards and 

Minshall 1988). Benthic invertebrate communities above and below confluences may be 

affected by differences in TP concentrations if the difference is great enough to alter the 

food abundance and habitat present. Perhaps more weighting should be given to the 

percentage and type of agriculture in the drainage area when calculating landscape 

differences between the mainstem and tributary.  

 Variability analyses of community similarity showed that benthic invertebrate 

communities varied equally within and among reaches of a given confluence. These 

results suggest that community differences between the upstream and downstream 

reaches of a confluence may be difficult to detect unless differences are very large. 
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Sections of the same habitat (e.g. a riffle in a stream) can have strongly different benthic 

invertebrate assemblages (Downes et al. 1993; Parsons et al. 2003; Heino et al. 2004). 

Given that the drainage scale variables (CSR, landscape differences) examined did not 

explain the difference in communities above and below confluences well, and given the 

variability in community similarity within and among reaches observed here, it is 

possible that local factors contributed to the differences in communities more than 

drainage scale factors. Solutions to this high degree of variability may include 

standardizing habitat even more (e.g. depth, velocity, substrate size and organic matter) 

or perhaps examining the responses of individual taxa.  

 Taxa of the Baetidae family often drove the community differences between the 

upstream and downstream reaches of confluences in this study. Baetidae are a widely 

distributed family consisting of 900 described species worldwide and found in a variety 

of habitats (e.g. lakes, ponds, streams). Members of the Baetidae family are generally 

grazers and use their mandibles to scrape periphyton from rocks. The abundance of 

Baetidae in a stream is strongly influenced by periphyton abundance which can result in 

patchy distributions with large numbers of individuals (Richards and Minshall 1988). 

Benthic invertebrate samples were collected from similar habitats (riffles) in the 

upstream and downstream reaches of confluences in this study to minimize the effects 

of habitat variability on community composition. Although upstream and downstream 

habitats may have had similar substrates, the periphyton abundance may have been 

different and led to large differences in Baetidae abundance between the two reaches 

as shown by the SIMPER analysis. The presence or abundance of periphyton was not 
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recorded in this study but otherwise it is unclear why Baetidae were commonly 

identified by SIMPER. 

Using community similarity as an indicator of change may have overshadowed 

some of the changes occurring within individual taxa. Individual species distributions can 

be shaped by factors operating at different spatial scales (Downes et al. 1993) and have 

different responses to changing environmental factors. Using community aggregates can 

obscure individual species responses to environmental changes and result in a 

dampened overall community response (Lenat and Resh 2001; King and Baker 2010). 

Pooling changes within single taxa into metrics like Bray-Curtis community similarity 

might not reflect changes in taxa that are sensitive to environmental changes and are 

often relatively uncommon (King and Baker 2010; Heino et al. 2014). Individual species 

may have different response curves and when grouped together could possibly result in 

an averaged response (King and Baker 2010). The averaging effect of individual species 

responses could explain why the linear response was one of the best models. Looking at 

single species responses could reveal a different functional response curve.  

The use of CSR and landscape differences as predictors of benthic invertebrate 

community change was based on benthic invertebrate communities responding to 

physical and chemical changes caused by these two predictor variables. Future work to 

better understand how physical habitat variables and water quality vary among 

confluence reaches in response to landscape differences would enhance our 

understanding of how these differences influence benthic invertebrate communities 

below confluences, given that landscape differences did not affect downstream 
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community similarity in this study. The purpose of this study was to examine if remotely 

sensed data could be used to predict which types of tributaries would cause changes in 

communities below confluences, without the need for field sampling. In this test of the 

NCH, I expected increases in CSR and landscape differences to lead to increased 

differences in benthic invertebrate communities above and below confluences. This is 

the first test of the NCH and while there was subtle support for the importance of CSR, 

the relevance of landscape compositional differences is yet to be seen. This 

investigation provides insight into elements to consider for further research. The 

possibility for an interaction between CSR and landscape differences should be 

investigated further in a broader range of context with more strongly contrasting 

landscapes. While CSR showed stronger effects on upstream-downstream benthic 

invertebrate community differences than landscape differences, this could be related to 

the more complete sampling of the CSR gradient and the incomplete sampling of the 

landscape difference gradient. Larger landscape differences are required, such as 

streams from different ecoregions, to further understand the importance of landscape 

factors. The large amount of spatial variability observed within reaches will hinder the 

ability to assess CSR and landscape difference effects. Using the responses of individual 

taxa or species may provide a more fruitful direction for future research. Understanding 

effects of CSR and landscape difference in stream communities could have implications 

for the development of system rules in stream networks. Developing system rules using 

remotely sensed information could help resource managers identify meaningful 
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breakpoints in stream networks, with implications for stream biodiversity, across broad 

spatial scales and without the need for intensive field sampling.     
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Chapter 3: General DiscussionChapter 3: General DiscussionChapter 3: General DiscussionChapter 3: General Discussion    

 Stream ecologist have shifted from a linear perspective of streams with the River 

Continuum Concept, which described a continuous physical, chemical and biological 

gradient from the headwaters to the mouth of a river (Vannote et al. 1980), to a 

branched network perspective integrating continuous interruptions throughout 

networks (Townsend et al. 1989; Rice et al. 2001; Benda et al. 2004a). The effects of 

tributaries at confluences have been studied across disciplines to understand how these 

effects shape stream networks. Tributaries add new sources of water, sediment, and 

nutrients to the mainstems they join with and can therefore have important ecological 

implications.  Indeed, the increase in habitat heterogeneity due to mixing streams at 

confluences has been shown to create biodiversity ‘hotspots’ (Benda et al. 2004b; 

Kiffney et al. 2006). Given these effects, some tributaries have the ability to create 

abrupt ecological changes and can have important implications for flowing water 

management.  

 Steam classifications can simplify the complexity of stream processes and help 

managers with the planning, monitoring, and conservation of lotic ecosystem resources 

by breaking up large networks into manageable units (Melles et al. 2013). An Aquatic 

Ecosystem is being developed in Ontario and will take a holistic approach by 

incorporating stream confluences, lakes, and wetlands into the aquatic networks. 

Acknowledging the importance of confluences in stream networks, Jones and Schmidt 

(2017) proposed the Network Composition Hypothesis (NCH) suggesting that significant 

confluences could be identified using remotely sensed geographic information to 
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calculate two important factors that influence tributary effects at or below confluences: 

confluence symmetry ratio (CSR, the size of the tributary drainage area relative to the 

mainstem drainage area) and landscape dissimilarity (landscape and geological 

differences between the tributary and mainstem drainages). They hypothesize that i) as 

tributaries become larger relative to the mainstem (increasing CSR), the probability of 

significant ecological changes below the confluence increases and that ii) as the 

tributary and mainstem landscapes become increasingly different (resulting in different 

stream typology), the probability of significant ecological changes below the confluence 

also increases. 

 The objectives of this study were to assess the effects of CSR and landscape 

dissimilarity on benthic invertebrates below confluences. As a first test of the NCH, I 

evaluated if increases in CSR and landscape dissimilarity resulted in increased changes in 

benthic invertebrate communities below confluences. The results of 34 confluences 

sampled across southern Ontario showed that CSR was related to decreases in benthic 

invertebrate community similarity between communities located above and below 

confluences, suggesting that larger tributaries, relative to the mainstem, where more 

likely to cause ecological changes below confluences. The results of the landscape 

dissimilarity between the mainstem and tributary were inconclusive showing no effects 

on community similarity between benthic invertebrate communities above and below 

confluences. These results could be explained by the limited range of landscape 

dissimilarity available for sampling on the landscape in southern Ontario. The 

confluences sampled in this study had relatively similar landscape characteristics which 
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may not have been contrasting enough to lead to significant difference in stream types 

between mainstem and tributary reaches. Confluences with highly contrasting 

mainstem and tributary landscapes are rare (Jones and Schmidt 2017) which made it 

difficult to sample these types of confluences.  

 While benthic invertebrates may have been responding to environmental 

changes at different spatial scales, this study aimed to assess invertebrate responses at 

the drainage level scale rather that at the local habitat scale. The purpose of the NCH is 

to use remotely sensed drainage level information to predict at which confluences 

tributaries will cause abrupt ecological changes (Jones and Schmidt 2017).  

 The effects of landscape characteristics on stream characteristics (Hynes 1975; 

Allan et al. 1997; Allan et al. 2004) and benthic invertebrate communities (Heino et al. 

2004; Heino et al. 2014) have been well studied, but they have not been well studied in 

the context of tributary effects below confluence. However, Hellmann et al. (2015) have 

looked at the geological differences (freestone vs limestone) between tributary and 

mainstem drainages and their effects below confluences and found a unique 

invertebrate community in the mixing zone of the two streams. Neff and Jackson (2011) 

have also shown the importance of geology in shaping aquatic invertebrate 

communities, but not in the context of confluences. Further investigation into the 

effects of contrasting tributary and mainstem landscape and geological characteristics is 

needed to understand how these differences influence communities below confluences.  
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A different approach to evaluating community changes below confluences could 

improve the ability to detect the types of tributaries that cause significant changes in 

community composition and the likelihood that they will cause significant changes. The 

approach taken in this study had limitations. Using community similarity as a measure of 

change in community composition can limit the ability to detect changes at the species 

level. Individual species distributions can be shaped by factors operating at different 

spatial scales (Downes et al. 1993) and have different responses to changing 

environmental factors. Using community aggregates can obscure individual species 

responses to environmental changes and result in a dampened overall community 

response (Lenat and Resh 2001; King and Baker 2010). The averaging effect of individual 

species responses could explain why the linear response was one of the best models. 

Looking at single species responses rather than community responses could reveal a 

different functional response curve.  

    Understanding the roles of CSR and landscape differences in creating abrupt 

changes in communities below confluences will help stream ecologist identify significant 

breaks in stream networks. Identifying these breaks will help build system rules to 

create stream classifications and help different levels of government manage lotic 

resources and identify areas of interest which may support higher levels of biodiversity 

(Melles et al. 2013; Kiffney et al. 2006). The ability to identify significant confluences in 

stream networks using remotely sensed data will allow resource managers to focus their 

attention on areas of interest without the need for extensive field sampling.   
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Confluence Reach CSR LD UDA (km2) BFI % Clay Geology % Wetlands % Forested % Agriculture Strahler 

KL_11230  DS 0.504 13.63 45.3 0.386 6.9 22.8 4.4 69.0 3 

KL_11230    TRIB 
  

14.6 0.450 0.1 8.9 2.3 83.7 2 

KL_11230   US 
  

29.0 0.347 8.5 29.2 5.5 62.3 2 

KL_11817  DS 0.136 8.70 200.0 0.459 0.0 23.3 15.4 56.9 4 

KL_11817    TRIB 
  

23.9 0.413 0.0 14.8 10.2 72.4 2 

KL_11817   US 
  

175.7 0.466 0.0 24.4 16.1 54.9 4 

KL_13058  DS 0.745 28.10 13.4 0.645 0.0 4.6 53.4 40.0 2 

KL_13058    TRIB 
  

5.6 0.562 0.0 0.4 26.9 70.1 1 

KL_13058   US 
  

7.5 0.704 0.0 7.0 72.5 19.0 2 

KL_8953  DS 0.709 4.36 40.1 0.503 0.0 30.3 64.7 3.6 3 

KL_8953    TRIB 
  

16.5 0.504 0.0 34.8 60.0 3.4 2 

KL_8953   US 
  

23.2 0.503 0.0 26.9 68.0 3.8 3 

L.Ont_1195  DS 0.508 9.14 211.6 0.607 13.3 9.0 41.7 45.7 5 

L.Ont_1195   TRIB 
  

71.0 0.590 2.4 7.5 34.2 53.5 4 

L.Ont_1195   US 
  

139.8 0.617 18.6 9.7 45.6 41.6 4 

L.Ont_1336  DS 0.556 21.83 123.8 0.494 14.1 6.8 31.5 51.2 4 

L.Ont_1336   TRIB 
  

43.5 0.351 32.4 3.4 19.5 65.5 3 

L.Ont_1336   US 
  

78.4 0.583 2.4 8.8 38.9 44.5 3 

L.Ont_1408  DS 0.778 10.00 15.6 0.412 79.8 10.8 20.9 65.4 3 

A-1. Confluence symmetry ratio (CSR, the ratio of the tributary to mainstem drainage area) and landscape difference (LD, measured 

as a Euclidian distance of the tributary and mainstem landscape characteristics) between the upstream, downstream, and tributary 

reaches of the 34 confluences sampled. Upstream drainage area (UDA), baseflow index (BFI), % soil that is clay (ClayGeo) and % of the 

land cover that is wetlands, forested, or agricultural for the downstream (DS), tributary (TRIB), and upstream (US) reaches of 34 

confluences. 
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Confluence Reach CSR LD UDA (km2) BFI % Clay Geology % Wetlands % Forested % Agriculture Strahler 

L.Ont_1408   TRIB 
  

5.7 0.355 96.9 3.6 16.1 77.8 2 

L.Ont_1408   US 
  

7.4 0.372 91.5 10.3 29.2 57.5 2 

L.Ont_1415  DS 0.617 2.83 13.6 0.400 84.8 3.2 22.0 71.7 3 

L.Ont_1415   TRIB 
  

4.0 0.403 84.1 2.1 22.7 73.2 2 

L.Ont_1415   US 
  

6.5 0.425 78.0 2.4 20.9 73.4 2 

L.Ont_1526  DS 0.449 27.75 54.4 0.521 32.1 20.6 14.1 62.1 4 

L.Ont_1526   TRIB 
  

15.6 0.412 79.8 10.8 20.9 65.4 3 

L.Ont_1526   US 
  

34.7 0.551 14.5 25.7 9.9 61.4 3 

L.Ont_1531  DS 0.269 8.16 34.7 0.551 14.5 25.7 9.9 61.4 3 

L.Ont_1531   TRIB 
  

7.3 0.578 30.4 27.6 9.9 60.1 1 

L.Ont_1531   US 
  

27.3 0.544 10.3 25.2 9.9 61.7 3 

L.Ont_1534  DS 0.928 6.68 32.4 0.458 95.6 5.2 20.2 70.4 3 

L.Ont_1534   TRIB 
  

15.6 0.495 91.1 7.1 15.8 71.5 2 

L.Ont_1534   US 
  

16.8 0.423 99.7 3.4 24.1 69.5 2 

L.Ont_1562  DS 0.433 5.63 35.8 0.513 75.8 9.9 24.3 60.8 3 

L.Ont_1562   TRIB 
  

10.2 0.518 82.2 14.2 23.6 57.1 2 

L.Ont_1562   US 
  

23.6 0.492 71.0 7.9 25.6 61.9 3 

L.Ont_1666  DS 0.106 8.34 47.0 0.508 79.4 6.1 23.2 66.4 3 

L.Ont_1666   TRIB 
  

4.3 0.489 64.7 11.7 22.0 64.0 2 

L.Ont_1666   US 
  

40.7 0.502 84.9 5.4 22.9 67.2 3 

L.Ont_1670  DS 0.360 7.13 81.4 0.464 64.9 7.0 22.0 64.1 4 

L.Ont_1670   TRIB 
  

21.0 0.445 56.7 9.0 16.0 71.9 3 

L.Ont_1670   US 
  

58.3 0.482 66.5 6.0 24.8 60.9 4 

L.Ont_1728  DS 0.171 15.49 48.7 0.417 86.2 4.9 14.3 72.4 3 

L.Ont_1728   TRIB 
  

7.0 0.608 74.1 0.2 4.2 73.8 2 

L.Ont_1728   US 
  

40.7 0.392 88.0 5.8 15.6 73.5 3 
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Confluence Reach CSR LD UDA (km2) BFI % Clay Geology % Wetlands % Forested % Agriculture Strahler 

L.Ont_1757  DS 0.943 4.68 100.9 0.378 89.4 3.9 13.4 70.2 4 

L.Ont_1757   TRIB 
  

45.9 0.364 93.3 3.2 13.1 76.3 3 

L.Ont_1757   US 
  

48.7 0.417 86.2 4.9 14.3 72.4 3 

L.Ont_1826  DS 0.332 27.13 30.6 0.319 73.3 2.5 6.8 46.1 3 

L.Ont_1826   TRIB 
  

7.4 0.251 49.0 0.4 3.5 4.0 2 

L.Ont_1826   US 
  

22.1 0.341 84.7 3.3 8.1 62.2 2 

L.Ont_1835  DS 0.375 12.67 43.1 0.352 66.9 4.6 7.1 45.3 3 

L.Ont_1835   TRIB 
  

11.5 0.451 49.9 9.9 8.5 45.6 2 

L.Ont_1835   US 
  

30.6 0.319 73.3 2.5 6.8 46.1 3 

L.Ont_361  DS 0.816 9.13 9.3 0.662 0.0 9.0 37.8 46.1 3 

L.Ont_361    TRIB 
  

4.0 0.654 0.0 9.0 29.1 56.6 2 

L.Ont_361   US 
  

4.9 0.692 0.0 8.4 43.8 39.2 2 

L.Ont_559  DS 0.539 7.56 53.6 0.502 0.0 7.8 32.1 55.8 3 

L.Ont_559    TRIB 
  

18.2 0.550 0.0 8.0 38.6 48.1 3 

L.Ont_559   US 
  

33.8 0.481 0.0 7.7 28.3 60.2 2 

L.Ont_761  DS 0.661 11.00 10.1 0.434 2.8 2.8 26.3 67.6 3 

L.Ont_761    TRIB 
  

3.6 0.524 0.0 3.5 27.9 64.5 2 

L.Ont_761   US 
  

5.5 0.360 0.0 2.2 22.7 72.1 2 

L.Ont_975  DS 0.419 11.62 15.5 0.436 12.7 6.9 21.0 67.8 3 

L.Ont_975    TRIB 
  

4.2 0.512 0.0 6.4 18.6 68.7 1 

L.Ont_975   US 
  

10.0 0.374 19.7 6.7 20.5 69.0 3 

Saug_1395  DS 0.434 21.15 19.8 0.352 93.0 5.2 37.2 53.2 2 

Saug_1395    TRIB 
  

3.2 0.348 97.5 12.6 52.6 33.4 1 

Saug_1395   US 
  

7.3 0.345 100.0 2.0 19.8 75.7 1 

Saug_1414  DS 0.213 13.19 109.6 0.416 53.2 25.1 13.7 57.3 4 

Saug_1414    TRIB 
  

19.1 0.342 62.8 9.9 11.0 75.2 2 
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Confluence Reach CSR LD UDA (km2) BFI % Clay Geology % Wetlands % Forested % Agriculture Strahler 

Saug_1414   US 
  

89.4 0.431 51.8 28.6 14.1 53.6 4 

Saug_2094  DS 0.800 13.95 10.1 0.391 87.1 27.9 16.5 51.8 2 

Saug_2094    TRIB 
  

4.4 0.450 70.4 22.3 19.3 54.2 1 

Saug_2094   US 
  

5.5 0.345 100.0 31.6 13.6 51.3 1 

Saug_2319  DS 0.314 9.30 180.0 0.257 86.9 8.3 8.0 80.8 4 

Saug_2319    TRIB 
  

42.6 0.347 78.7 4.8 8.8 83.9 3 

Saug_2319   US 
  

135.6 0.224 90.3 9.4 7.7 80.0 4 

Saug_4078  DS 0.105 20.60 347.2 0.466 58.0 28.9 8.3 60.0 4 

Saug_4078    TRIB 
  

32.9 0.635 21.9 18.0 19.2 59.7 3 

Saug_4078   US 
  

313.1 0.448 61.9 30.0 7.2 60.1 4 

Saug_4534  DS 0.854 1.75 13.9 0.350 90.3 13.3 5.2 73.5 3 

Saug_4534    TRIB 
  

5.6 0.345 96.8 13.0 6.1 78.4 2 

Saug_4534   US 
  

6.5 0.345 100.0 15.5 4.2 78.1 2 

Saug_5154  DS 0.758 32.02 32.4 0.564 39.9 17.4 10.8 68.9 3 

Saug_5154    TRIB 
  

12.4 0.436 76.5 14.5 6.8 75.4 2 

Saug_5154   US 
  

16.3 0.684 6.0 19.9 14.1 63.6 2 

Saug_5212  DS 0.607 21.25 14.0 0.482 64.5 12.8 6.3 77.9 3 

Saug_5212    TRIB 
  

5.2 0.373 92.9 12.7 3.8 81.3 2 

Saug_5212   US 
  

8.6 0.550 46.7 12.7 7.8 76.1 2 

Saug_5294  DS 0.268 6.54 127.2 0.557 44.3 12.8 6.8 76.9 4 

Saug_5294    TRIB 
  

26.0 0.514 53.7 18.3 7.5 72.4 3 

Saug_5294   US 
  

97.3 0.566 42.3 11.7 6.6 78.5 4 

Sim_42601  DS 0.258 33.34 7.5 0.360 59.9 4.0 15.8 77.8 2 

Sim_42601    TRIB 
  

1.5 0.611 12.7 7.9 34.0 55.7 1 

Sim_42601   US 
  

5.9 0.298 71.7 3.0 11.0 83.6 2 

Sim_50890  DS 0.739 19.31 11.5 0.377 77.8 23.4 5.0 68.4 2 
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Confluence Reach CSR LD UDA (km2) BFI % Clay Geology % Wetlands % Forested % Agriculture Strahler 

Sim_50890    TRIB 
  

4.5 0.399 52.8 29.8 8.4 58.2 1 

Sim_50890   US 
  

6.1 0.347 98.0 21.4 1.7 74.1 2 

Sim_51803  DS 0.133 33.66 27.5 0.552 34.8 7.0 16.1 70.1 3 

Sim_51803    TRIB 
  

3.1 0.303 96.3 1.5 4.6 84.7 1 

Sim_51803   US 
  

23.6 0.590 26.1 7.8 18.1 69.6 3 
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Confluence Reach Wetted 

Width 

(m) 

Canopy Cover 

(%) 

Depth (m) Hydraulic Head 

(mm) 

Velocity 

(m·s-1) 

Discharge 

(m3·s-1) 

Substrate Size 

(mm) 

Substrate 

Diversity 

KL_11230  DS 4.17 0.16 0.31 11.13 0.29 0.38 3.24 0.20 

KL_11230    TRIB 2.39 0.16 0.19 7.33 0.24 0.11 8.34 0.48 

KL_11230   US 2.53 0.16 0.31 12.40 0.31 0.25 0.07 0.06 

KL_11817  DS 26.77 32.31 0.43 21.33 0.41 4.71 180.30 0.66 

KL_11817    TRIB 3.29 0.16 0.06 1.40 0.10 0.02 120.01 0.54 

KL_11817   US 41.33 13.77 0.26 18.00 0.38 3.99 145.05 0.77 

KL_13058  DS 5.67 72.53 0.16 35.67 0.53 0.47 31.88 0.65 

KL_13058    TRIB 0.93 86.39 0.06 3.33 0.16 0.01 23.94 0.62 

KL_13058   US 5.37 82.41 0.22 21.67 0.41 0.48 41.05 0.70 

KL_8953  DS 5.00 83.53 0.13 4.20 0.18 0.12 1.99 0.25 

KL_8953    TRIB 2.02 77.81 0.08 5.27 0.20 0.03 2.59 0.15 

KL_8953   US 2.65 69.41 0.12 5.00 0.20 0.06 7.93 0.46 

L.Ont_1195  DS 13.87 19.57 0.25 34.67 0.52 1.79 134.48 0.67 

L.Ont_1195    TRIB 6.87 68.02 0.20 26.33 0.45 0.63 45.67 0.57 

L.Ont_1195   US 12.63 49.73 0.20 22.00 0.41 1.07 34.85 0.62 

L.Ont_1336  DS 12.83 48.09 0.26 28.80 0.47 1.61 86.23 0.80 

L.Ont_1336    TRIB 4.57 35.09 0.22 32.13 0.50 0.51 73.87 0.58 

L.Ont_1336   US 11.10 42.19 0.24 32.13 0.50 1.33 40.45 0.63 

L.Ont_1408  DS 3.00 84.66 0.14 11.33 0.30 0.12 1.20 0.14 

L.Ont_1408    TRIB 2.17 50.86 0.08 6.67 0.23 0.04 57.15 0.70 

L.Ont_1408   US 2.18 77.12 0.16 7.93 0.25 0.08 7.04 0.59 

L.Ont_1415  DS 3.20 64.03 0.15 20.67 0.40 0.19 78.92 0.74 

A-2. Morphology measurements for the downstream (DS), tributary (TRIB), and upstream (US) reaches of 34 confluences. 
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Confluence Reach Wetted 

Width 

(m) 

Canopy Cover 

(%) 

Depth (m) Hydraulic Head 

(mm) 

Velocity 

(m·s-1) 

Discharge 

(m3·s-1) 

Substrate Size 

(mm) 

Substrate 

Diversity 

L.Ont_1415    TRIB 2.22 81.19 0.11 17.33 0.37 0.09 42.11 0.67 

L.Ont_1415   US 2.62 95.06 0.17 9.33 0.27 0.12 27.95 0.62 

L.Ont_1526  DS 6.63 77.21 0.24 7.20 0.24 0.37 4.86 0.52 

L.Ont_1526    TRIB 3.02 38.81 0.17 10.80 0.29 0.15 25.33 0.71 

L.Ont_1526   US 4.82 33.96 0.13 11.40 0.30 0.19 4.48 0.58 

L.Ont_1531  DS 4.82 33.96 0.13 7.67 0.24 0.16 25.33 0.71 

L.Ont_1531    TRIB 1.06 100.00 0.13 2.40 0.14 0.02 27.19 0.56 

L.Ont_1531   US 3.87 37.43 0.17 6.67 0.23 0.15 66.04 0.44 

L.Ont_1534  DS 5.17 87.43 0.14 31.00 0.49 0.36 56.72 0.64 

L.Ont_1534    TRIB 5.28 98.61 0.10 15.13 0.34 0.19 47.97 0.69 

L.Ont_1534   US 3.72 98.35 0.13 19.33 0.39 0.19 30.92 0.65 

L.Ont_1562  DS 5.83 84.40 0.14 25.33 0.44 0.37 49.24 0.70 

L.Ont_1562    TRIB 3.04 91.16 0.15 34.33 0.52 0.23 107.95 0.69 

L.Ont_1562   US 5.27 97.49 0.16 27.33 0.46 0.39 34.09 0.71 

L.Ont_1666  DS 7.90 75.13 0.10 29.60 0.48 0.39 50.83 0.67 

L.Ont_1666    TRIB 0.86 100.00 0.03 0.67 0.07 0.00 13.04 0.60 

L.Ont_1666   US 7.33 68.45 0.15 29.80 0.48 0.54 29.48 0.64 

L.Ont_1670  DS 8.67 76.86 0.17 33.40 0.51 0.75 29.72 0.67 

L.Ont_1670    TRIB 3.68 90.55 0.09 3.73 0.17 0.05 20.24 0.53 

L.Ont_1670   US 6.80 57.10 0.18 34.00 0.52 0.62 25.00 0.63 

L.Ont_1728  DS 5.07 53.55 0.16 26.33 0.45 0.37 29.63 0.72 

L.Ont_1728    TRIB 1.49 87.35 0.05 8.33 0.26 0.02 22.74 0.63 

L.Ont_1728   US 4.67 73.48 0.20 20.33 0.40 0.37 27.57 0.69 

L.Ont_1757  DS 8.77 15.33 0.22 20.00 0.40 0.78 26.47 0.66 

L.Ont_1757    TRIB 6.23 65.25 0.15 19.67 0.39 0.37 117.57 0.68 

7
0

 



71 

 

 

 

Confluence Reach Wetted 

Width 

(m) 

Canopy Cover 

(%) 

Depth (m) Hydraulic Head 

(mm) 

Velocity 

(m·s-1) 

Discharge 

(m3·s-1) 

Substrate Size 

(mm) 

Substrate 

Diversity 

L.Ont_1757   US 5.30 53.63 0.22 13.33 0.32 0.37 94.85 0.74 

L.Ont_1826  DS 4.78 80.15 0.08 8.13 0.25 0.09 90.38 0.71 

L.Ont_1826    TRIB 3.24 76.51 0.09 9.00 0.27 0.07 99.92 0.74 

L.Ont_1826   US 3.75 70.36 0.08 8.13 0.25 0.08 44.42 0.73 

L.Ont_1835  DS 6.03 92.29 0.12 6.53 0.23 0.16 56.33 0.70 

L.Ont_1835    TRIB 3.22 93.67 0.09 6.00 0.22 0.06 42.10 0.54 

L.Ont_1835   US 5.20 48.95 0.10 4.47 0.19 0.10 110.63 0.76 

L.Ont_361  DS 3.67 98.18 0.13 14.93 0.34 0.16 51.57 0.70 

L.Ont_361    TRIB 3.78 84.05 0.09 8.53 0.26 0.09 34.47 0.66 

L.Ont_361   US 2.21 99.83 0.08 6.87 0.23 0.04 44.13 0.65 

L.Ont_559  DS 9.00 68.54 0.20 18.93 0.38 0.70 106.33 0.76 

L.Ont_559    TRIB 4.00 97.92 0.15 12.87 0.32 0.20 80.37 0.74 

L.Ont_559   US 5.65 87.09 0.15 24.40 0.44 0.38 165.58 0.70 

L.Ont_761  DS 3.74 100.00 0.08 11.73 0.30 0.09 13.00 0.35 

L.Ont_761    TRIB 3.72 98.70 0.06 8.47 0.26 0.06 28.68 0.54 

L.Ont_761   US 2.42 97.66 0.11 10.20 0.28 0.07 66.73 0.65 

L.Ont_975  DS 3.45 100.00 0.12 6.33 0.22 0.09 4.20 0.30 

L.Ont_975    TRIB 1.66 71.49 0.07 3.67 0.17 0.02 1.72 0.24 

L.Ont_975   US 1.97 46.79 0.16 9.07 0.27 0.09 5.47 0.42 

Saug_1395  DS 3.80 66.72 0.23 9.67 0.27 0.24 29.13 0.66 

Saug_1395    TRIB 2.93 75.04 0.15 19.33 0.39 0.17 60.57 0.65 

Saug_1395   US 2.50 49.39 0.18 18.67 0.38 0.18 43.73 0.67 

Saug_1414  DS 9.40 47.57 0.20 30.00 0.48 0.91 117.27 0.62 

Saug_1414    TRIB 4.40 50.77 0.13 14.00 0.33 0.18 131.02 0.68 

Saug_1414   US 9.10 19.75 0.27 20.53 0.40 0.99 135.22 0.57 
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Confluence Reach Wetted 

Width 

(m) 

Canopy Cover 

(%) 

Depth (m) Hydraulic Head 

(mm) 

Velocity 

(m·s-1) 

Discharge 

(m3·s-1) 

Substrate Size 

(mm) 

Substrate 

Diversity 

Saug_2094  DS 5.93 23.30 0.54 0.00 0.00 0.00 6.08 0.30 

Saug_2094    TRIB 2.67 0.16 0.35 4.07 0.18 0.16 0.22 0.01 

Saug_2094   US 5.80 17.58 0.39 0.00 0.00 0.00 0.06 0.00 

Saug_2319  DS 7.07 14.81 0.24 25.00 0.44 0.75 89.57 0.67 

Saug_2319    TRIB 7.53 54.50 0.16 15.20 0.34 0.40 93.57 0.72 

Saug_2319   US 10.97 11.17 0.19 21.07 0.41 0.85 71.73 0.66 

Saug_4078  DS 16.63 0.68 0.26 51.33 0.63 2.77 107.20 0.59 

Saug_4078    TRIB 9.83 9.00 0.19 15.60 0.35 0.66 100.18 0.50 

Saug_4078   US 25.23 16.11 0.29 18.87 0.38 2.82 143.73 0.63 

Saug_4534  DS 2.97 69.15 0.17 19.67 0.39 0.20 64.07 0.73 

Saug_4534    TRIB 1.76 27.89 0.08 14.47 0.34 0.05 68.98 0.74 

Saug_4534   US 1.84 36.30 0.14 17.00 0.36 0.10 45.42 0.67 

Saug_5154  DS 5.07 37.69 0.14 11.93 0.31 0.22 37.95 0.71 

Saug_5154    TRIB 4.30 67.15 0.13 12.47 0.31 0.10 40.13 0.62 

Saug_5154   US 3.04 2.50 0.23 10.80 0.29 0.20 72.37 0.73 

Saug_5212  DS 2.27 5.01 0.24 3.93 0.18 0.10 0.28 0.30 

Saug_5212    TRIB 1.37 5.01 0.16 4.33 0.18 0.04 1.66 0.32 

Saug_5212   US 1.80 11.08 0.26 3.00 0.15 0.07 10.87 0.35 

Saug_5294  DS 7.63 6.23 0.28 27.87 0.47 1.01 118.33 0.63 

Saug_5294    TRIB 7.37 49.21 0.12 19.53 0.39 0.35 65.45 0.73 

Saug_5294   US 12.83 9.00 0.22 18.33 0.38 1.04 58.40 0.61 

Sim_42601  DS 1.41 21.91 0.14 7.80 0.25 0.05 11.57 0.47 

Sim_42601    TRIB 0.78 84.57 0.13 4.93 0.20 0.02 1.10 0.40 

Sim_42601   US 0.97 19.40 0.09 7.20 0.24 0.02 15.30 0.55 

Sim_50890  DS 2.76 0.16 0.27 18.60 0.38 0.28 2.64 0.37 
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Confluence Reach Wetted 

Width 

(m) 

Canopy Cover 

(%) 

Depth (m) Hydraulic Head 

(mm) 

Velocity 

(m·s-1) 

Discharge 

(m3·s-1) 

Substrate Size 

(mm) 

Substrate 

Diversity 

Sim_50890    TRIB 1.72 8.39 0.15 25.60 0.45 0.12 17.45 0.36 

Sim_50890   US 2.49 0.16 0.36 3.77 0.17 0.15 38.05 0.60 

Sim_51803  DS 4.15 90.73 0.18 54.67 0.65 0.48 53.97 0.65 

Sim_51803    TRIB 1.88 85.35 0.15 13.27 0.32 0.09 47.64 0.52 

Sim_51803   US 4.30 55.54 0.30 10.67 0.29 0.37 2.74 0.39 
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Confluence Reach Temperature 

(°C) 

pH Conductivity 

(µS·m-1) 

Turbidity 

(NTU) 

TP (ug·L-1) 

KL_11230  DS 18.9 8.07 550 4.75 10.8 

KL_11230    TRIB 23.5 8.2 599 2.72 11.0 

KL_11230   US 18.9 8.14 552 8.51 11.2 

KL_11817  DS 23.7 8.55 261 1.88 24.9 

KL_11817    TRIB 19.1 7.85 553 9.47 138.6 

KL_11817   US 23.4 8.55 264 2.07 21.6 

KL_13058  DS 10.6 7.99 342 0.53 11.8 

KL_13058    TRIB 12.9 7.89 372 0.57 10.8 

KL_13058   US 8.2 7.92 352 0.56 11.6 

KL_8953  DS 17.9 8.24 272 1.53 9.2 

KL_8953    TRIB 18.3 8.17 281 2.11 11.0 

KL_8953   US 18.5 8.26 269 1.69 8.3 

L.Ont_1195  DS 20.4 8.73 374 2.74 11.8 

L.Ont_1195   TRIB 20.5 8.73 342 3.6 21.9 

L.Ont_1195   US 19.8 8.71 395 1.5 7.2 

L.Ont_1336  DS 12.1 8.58 568 1.84 8.2 

L.Ont_1336   TRIB 11.9 8.6 492 0.97 8.2 

L.Ont_1336   US 13.8 8.58 693 2.32 12.6 

L.Ont_1408  DS 15.5 8.22 475 1.12 12.3 

L.Ont_1408   TRIB 13.6 8.13 504 0.68 11.0 

L.Ont_1408   US 16 8.28 468 1.31 18.8 

L.Ont_1415  DS 10 8.19 471 1.89 13.5 

L.Ont_1415   TRIB 10 8.24 449 1.23 12.4 

L.Ont_1415   US 9.8 8.18 503 1.96 9.1 

L.Ont_1526  DS 13.6 8.16 461 4.1 27.6 

L.Ont_1526   TRIB 13.5 8.2 482 3.08 18.2 

L.Ont_1526   US 15.6 8.15 464 3.31 29.7 

L.Ont_1531  DS 16.1 8.18 465 6.5 38.7 

L.Ont_1531   TRIB 17.2 8.27 516 2.78 21.1 

L.Ont_1531   US 17.1 8.18 444 2.62 24.1 

L.Ont_1534  DS 15.2 8.56 473 0.82 8.2 

L.Ont_1534   TRIB 16.3 8.47 484 0.31 4.8 

L.Ont_1534   US 14.7 8.52 454 0.59 6.8 

L.Ont_1562  DS 12.4 8.28 428 2.13 7.3 

L.Ont_1562   TRIB 13.4 8.37 422 2.17 8.0 

L.Ont_1562   US 11.9 8.29 436 1.83 8.4 

L.Ont_1666  DS 9.5 8.38 456 0.58 7.0 

L.Ont_1666   TRIB 9.6 8.26 576 0.87 25.0 

L.Ont_1666   US 10 8.37 455 0.81 7.1 

A-3. Water chemistry measurements at the downstream (DS), tributary (TRIB), and upstream 

(US) reaches of 34 confluences. 
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Confluence Reach Temperature 

(°C) 

pH Conductivity 

(µS·m-1) 

Turbidity 

(NTU) 

TP (ug·L-1) 

L.Ont_1670  DS 9.2 8.31 573 0.52 7.8 

L.Ont_1670   TRIB 10.3 8.27 543 0.79 6.1 

L.Ont_1670   US 9.5 8.34 576 0.62 9.2 

L.Ont_1728  DS 15.9 8.27 566 5.14 6.8 

L.Ont_1728   TRIB 15.4 8.2 1369 2.36 8.5 

L.Ont_1728   US 16.2 8.29 534 4.01 12.0 

L.Ont_1757  DS 20.8 8.52 605 2.57 9.8 

L.Ont_1757   TRIB 21.7 8.53 599 2.62 11.6 

L.Ont_1757   US 21.4 8.43 609 2.87 8.0 

L.Ont_1826  DS 17.3 8.3 2345 2.34 12.8 

L.Ont_1826   TRIB 17 8.27 2707 3.21 15.1 

L.Ont_1826   US 18.1 8.32 2110 1.76 12.5 

L.Ont_1835  DS 15.5 8.17 2138 1.95 12.0 

L.Ont_1835   TRIB 15.5 8.25 1623 1.56 22.1 

L.Ont_1835   US 15.4 8.19 2222 1.97 8.0 

L.Ont_361  DS 9.6 8.27 423 1.58 16.3 

L.Ont_361    TRIB 8.8 8.32 464 0.68 13.0 

L.Ont_361   US 12.7 8.14 464 2.9 19.7 

L.Ont_559  DS 13.6 8.3 453 1.23 14.2 

L.Ont_559    TRIB 11.5 8.37 448 0.81 10.8 

L.Ont_559   US 15 8.33 458 2.11 15.6 

L.Ont_761  DS 12 8.55 474 0.96 15.6 

L.Ont_761    TRIB 12.4 8.53 494 1.27 17.9 

L.Ont_761   US 11.9 8.6 459 0.5 12.6 

L.Ont_975  DS 10.5 8.42 466 0.46 16.7 

L.Ont_975    TRIB 12.3 8.42 542 0.47 15.6 

L.Ont_975   US 11.5 8.55 453 0.1 17.8 

Saug_1395  DS 9.6 8.21 508 1.67 13.0 

Saug_1395    TRIB 11.4 8.05 513 1.24 12.2 

Saug_1395   US 9 8.21 508 0.9 10.4 

Saug_1414  DS 12.1 8.25 515 2.44 20.9 

Saug_1414    TRIB 10.1 8.21 551 2.06 12.6 

Saug_1414   US 12.2 8.22 514 2.56 14.4 

Saug_2094  DS 12.5 7.58 454 0.84 6.6 

Saug_2094    TRIB 11.8 7.57 463 1.19 10.2 

Saug_2094   US 11.4 7.57 444 0.31 6.6 

Saug_2319  DS 13.5 8.28 473 7.15 28.6 

Saug_2319    TRIB 10.8 8.36 511 5.35 21.2 

Saug_2319   US 12.4 8.29 481 7.12 49.4 

Saug_4078  DS 14.1 8.41 435 1.77 10.7 

Saug_4078    TRIB 13.2 8.3 477 0.81 8.9 

Saug_4078   US 14.9 8.29 421 2.31 15.5 

Saug_4534  DS 13.6 8.06 573 0.82 17.8 

Saug_4534    TRIB 13.5 7.85 596 0.94 8.0 
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Confluence Reach Temperature 

(°C) 

pH Conductivity 

(µS·m-1) 

Turbidity 

(NTU) 

TP (ug·L-1) 

Saug_4534   US 14.1 8.21 545 0.68 8.8 

Saug_5154  DS 15.2 8.24 631 0.78 11.9 

Saug_5154    TRIB 14 8.24 690 0.9 11.2 

Saug_5154   US 15.7 8.27 568 0.82 11.2 

Saug_5212  DS 10.9 8.06 574 1.37 27.9 

Saug_5212    TRIB 12.1 8.11 630 2.18 27.6 

Saug_5212   US 10.8 8.04 555 1.13 19.7 

Saug_5294  DS 10.6 8.32 563 2.59 12.5 

Saug_5294    TRIB 9.1 8.28 568 1.49 13.6 

Saug_5294   US 11.3 8.28 558 1.65 14.7 

Sim_42601  DS 13.2 8.25 456 6.96 36.7 

Sim_42601    TRIB 11.1 8.26 402 5.62 20.8 

Sim_42601   US 14.6 8.24 494 8.62 50.2 

Sim_50890  DS 14.9 8.04 598 2.86 13.9 

Sim_50890    TRIB 14.5 8.09 543 1.1 18.8 

Sim_50890   US 16.1 8.05 630 1.27 22.8 

Sim_51803  DS 17 8.28 538 6.58 51.3 

Sim_51803    TRIB 15 8.27 683 3.24 31.6 

Sim_51803   US 17.5 8.26 512 11.34 85.0 
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Confluence Confluence Symmetry 

Ratio 

Landscape Differences Bray-Curtis 

Community Similarity 

KL_11230 0.504 13.629 0.453 

KL_11817 0.136 8.705 0.805 

KL_13058 0.745 28.099 0.657 

KL_8953 0.709 4.365 0.246 

L.Ont_1195 0.508 9.142 0.660 

L.Ont_1336 0.556 21.828 0.302 

L.Ont_1408 0.778 9.996 0.387 

L.Ont_1415 0.617 2.829 0.247 

L.Ont_1526 0.449 27.748 0.623 

L.Ont_1531 0.269 8.163 0.484 

L.Ont_1534 0.928 6.681 0.667 

L.Ont_1562 0.433 5.628 0.460 

L.Ont_1666 0.106 8.336 0.860 

L.Ont_1670 0.360 7.126 0.773 

L.Ont_1728 0.171 15.491 0.542 

L.Ont_1757 0.943 4.679 0.400 

L.Ont_1826 0.332 27.125 0.725 

L.Ont_1835 0.375 12.665 0.252 

L.Ont_361 0.816 9.134 0.440 

L.Ont_559 0.539 7.557 0.644 

L.Ont_761 0.661 10.996 0.688 

L.Ont_975 0.419 11.625 0.592 

Saug_1395 0.434 21.151 0.473 

Saug_1414 0.213 13.186 0.533 

Saug_2094 0.800 13.948 0.213 

Saug_2319 0.314 9.302 0.564 

Saug_4078 0.105 20.605 0.551 

Saug_4534 0.854 1.750 0.561 

Saug_5154 0.758 32.018 0.590 

Saug_5212 0.607 21.255 0.250 

Saug_5294 0.268 6.537 0.643 

Sim_42601 0.258 33.343 0.298 

Sim_50890 0.739 19.314 0.000 

Sim_51803 0.133 33.659 0.308 

A-4. Bray-Curtis similarity values comparing upstream to downstream communities according 

to confluence symmetry ratio (the ratio of the tributary to mainstem drainage area) and 

landscape differences (measured as a Euclidian distance between the tributary and mainstem 

drainage landscape characteristics). 
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A-5.  Bray-Curtis community similarity comparison of the upstream reach (US), the tributary (TRIB) reach, and the downstream (DS) 

reach of 34 confluences ordered by confluence symmetry ratio (the ratio of the tributary to mainstem drainage area). 
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Total 

# taxa 

# EPT 

Taxa 

% EPT 

Taxa 

Total # 

Taxa 

# EPT 

Taxa 

% EPT 

Taxa 

Total 

# Taxa 

# 

EPT 

Taxa 

% 

EPT 

Taxa 

Confluence US US US DS DS DS TRIB TRIB TRIB 

KL_11230 34 18 52.9 52 18 34.6 48 14 29.2 

KL_11817 47 20 42.6 60 23 38.3 45 14 31.1 

KL_13058 41 21 51.2 33 16 48.5 55 20 36.4 

KL_8953 77 22 28.6 55 15 27.3 50 8 16.0 

L.Ont_1195 52 20 38.5 39 16 41.0 43 13 30.2 

L.Ont_1336 47 15 31.9 55 13 23.6 46 11 23.9 

L.Ont_1408 42 10 23.8 53 12 22.6 46 17 37.0 

L.Ont_1415 37 8 21.6 36 10 27.8 32 6 18.8 

L.Ont_1526 44 11 25.0 53 11 20.8 43 11 25.6 

L.Ont_1531 44 11 25.0 38 7 18.4 38 9 23.7 

L.Ont_1534 46 23 50.0 40 16 40.0 50 17 34.0 

L.Ont_1562 45 18 40.0 47 16 34.0 52 21 40.4 

L.Ont_1666 39 12 30.8 39 13 33.3 51 10 19.6 

L.Ont_1670 44 17 38.6 45 21 46.7 48 17 35.4 

L.Ont_1728 31 6 19.4 33 8 24.2 20 6 30.0 

L.Ont_1757 27 5 18.5 33 10 30.3 38 9 23.7 

L.Ont_1826 25 4 16.0 24 3 12.5 21 3 14.3 

L.Ont_1835 26 6 23.1 27 7 25.9 28 5 17.9 

L.Ont_361 40 17 42.5 48 24 50.0 67 28 41.8 

L.Ont_559 51 19 37.3 46 13 28.3 52 20 38.5 

L.Ont_761 50 23 46.0 59 26 44.1 51 21 41.2 

L.Ont_975 43 8 18.6 58 18 31.0 21 2 9.5 

Saug_1395 59 27 45.8 73 26 35.6 48 13 27.1 

Saug_1414 58 23 39.7 46 15 32.6 32 6 18.8 

Saug_2094 41 10 24.4 49 8 16.3 23 3 13.0 

Saug_2319 43 15 34.9 45 19 42.2 43 12 27.9 

Saug_4078 58 22 37.9 65 34 52.3 51 22 43.1 

Saug_4534 43 17 39.5 45 16 35.6 40 13 32.5 

Saug_5154 52 16 30.8 45 13 28.9 47 17 36.2 

Saug_5212 34 3 8.8 36 4 11.1 27 4 14.8 

Saug_5294 43 16 37.2 40 14 35.0 34 14 41.2 

Sim_42601 34 8 23.5 39 11 28.2 35 9 25.7 

Sim_50890 31 2 6.5 47 6 12.8 48 12 25.0 

Sim_51803 41 4 9.8 44 9 20.5 33 1 3.0 

A-6. Total number of taxa, number of EPT (Ephemeroptera, Plecoptera, and Trichoptera) taxa, 

and % EPT taxa found in the upstream (US), downstream (DS), and tributary (TRIB) reaches of 



80 

 

 

 

 

 

 

 

 

  

A-7. Positive linear relationship between Bray-Curtis community similarity (1 is 

identical, 0 is completely different) comparing upstream and downstream 

reaches and the total number of EPT taxa upstream and downstream at n=34 

confluences. 
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Classic 

Jaccard  

Classic 

Sorensen  

Chao-

Jaccard 

Chao-

Sorensen 

Morisita-

Horn 

Bray-Curtis 

Classic Jaccard  1 <0.001 <0.001 <0.001 0.093 <0.001 

Classic Sorensen  1.000 1 <0.001 <0.001 0.093 0.005 

Chao-Jaccard 0.893 0.893 1 <0.001 0.071 0.005 

Chao-Sorensen 0.893 0.893 1.000 1 0.074 0.006 

Morisita-Horn 0.292 0.292 0.314 0.310 1 <0.001 

Bray-Curtis 0.594 0.475 0.471 0.467 0.868 1 

A-8. Pearson and Spearman correlations of six community similarity indices. Significant  

correlations are shown in bold. p-values are shown in italics. 
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Example a) 

Species Site 

1 

Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 

10 

A 1 1.11 1.25 1.43 1.67 2 2.5 3.33 5 10 

B 1 1.11 1.25 1.43 1.67 2 2.5 3.33 5  

C 1 1.11 1.25 1.43 1.67 2 2.5 3.33   

D 1 1.11 1.25 1.43 1.67 2 2.5    

E 1 1.11 1.25 1.43 1.67 2     

F 1 1.11 1.25 1.43 1.67      

G 1 1.11 1.25 1.43       

H 1 1.11 1.25        

I 1 1.11         

J 1 
 

        

Example b) 

Species Site 

1 

Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 

10 

A 1 2 3 4 5 6 7 8 9 10 

B 1 2 3 4 5 6 7 8 9 10 

C 1 2 3 4 5 6 7 8 9 10 

D 1 2 3 4 5 6 7 8 9 10 

E 1 2 3 4 5 6 7 8 9 10 

F 1 2 3 4 5 6 7 8 9 10 

G 1 2 3 4 5 6 7 8 9 10 

H 1 2 3 4 5 6 7 8 9 10 

I 1 2 3 4 5 6 7 8 9 10 

J 1 2 3 4 5 6 7 8 9 10 

A-9.  Artificial species by site tables. In example a) the number of species at each site is 

different, the total number of individuals is constant, and evenness is constant. In b) the 

number of species at each site is constant, the total number of individuals is different, and 

evenness is constant. In c) the number of species at each site is constant, the total number of 

individuals is constant, and evenness is different. In d) the number of species at each site is 

constant, the total number of individuals is constant, evenness is constant, however, at each 

site a species is replaced by a new one (Jongman et al.1995). 
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Example c) 

Species Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 

A 1 2 3 4 5 6 7 8 9 

B 9 8 7 6 5 4 3 2 1 

 

 

Example d) 

Species Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 

A 1 
        

B 1 1 
       

C 1 1 1 
      

D 1 1 1 1 
     

E 1 1 1 1 1 
    

F 1 1 1 1 1 1 
   

G 
 

1 1 1 1 1 1 
  

H 
  

1 1 1 1 1 1 
 

I 
   

1 1 1 1 1 1 

J 
    

1 1 1 1 1 

K 
     

1 1 1 1 

L 
      

1 1 1 

M 
       

1 1 

N 
        

1 
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A-10. Bray-Curtis similarity between site 1 and each of the subsequent sites in A-9 for 

examples a, b, c, and d. The first point (left) represents site 1 to site 2 Bray-Curtis similarity, 

the second point represents site 1 to site 3 Bray-Curtis similarity and so on. 
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 UDA BFI ClayGeo Wetlands Forest Agri. Temp. pH Cond. Turb. TP 

UDA 1 0.332 0.497 0.109 0.002 0.009 0.613 0.108 0.643 0.930 0.818 

BFI 0.172 1 0.007 0.145 0.015 0.440 0.816 0.339 0.053 0.859 0.802 

ClayGeo 0.120 0.457 1 0.900 0.086 0.876 0.878 0.382 0.042 0.034 0.499 

Wetlands 0.280 0.255 0.022 1 0.064 0.151 0.679 0.509 0.655 0.097 0.637 

Forest 0.528 0.415 0.299 0.322 1 0.002 0.157 0.566 0.220 0.508 0.823 

Agri. 0.447 0.136 -0.028 0.252 0.524 1 0.586 0.408 0.490 0.886 0.448 

Temp. 0.090 0.041 -0.027 -0.073 0.248 0.096 1 0.475 0.486 0.085 0.203 

pH 0.281 0.169 -0.154 -0.117 0.102 0.146 -0.126 1 0.824 0.889 0.557 

Cond. 0.082 0.335 0.351 0.079 0.216 0.122 0.123 -0.040 1 0.751 0.035 

Turb. 0.016 -0.032 0.366 -0.289 0.117 -0.026 0.300 0.025 0.056 1 0.602 

TP -0.041 -0.044 0.120 -0.084 -0.040 -0.134 -0.224 -0.104 0.363 -0.092 1 

 

A-11. Pearson and Spearman correlations of landscape characteristics: upstream drainage area (UDA, km2), baseflow index (BFI), 

% clay geology (ClayGeo), % wetland cover, % forested cover, % agricultural cover (agri.), and water quality: temperature (Temp., 

°C), pH, conductivity (Cond., µS·m-1), turbidity (Turb., NTU), and total phosphorus (TP, µg·L-1). Significant correlations are shown in 

bold. p-values are shown in italics. 
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A-12. Relationship between the percentage of agricultural area covering the 

upstream, tributary, and downstream reaches of every confluence and the total 

phosphorus (µg·L-1) concentration sampled in the respective reaches. 


