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ABSTRACT 

 

Rex L. Lowe, Advisor 

 

 Current has been found to be one of the controlling factors that account for the patchiness 

of the periphyton community. This study determined how the benthic algal communities were 

distributed naturally along a streambed transect, along which a gradient of current velocities 

from low to high were observed and measured. It also determined whether similar variations in 

benthic algal community patterns would be recreated when such a natural gradient of currents 

were duplicated in the experimental flumes. Results indicated that the gradient of currents 

functioned as a determinant in modulating the benthic algal communities indirectly by affecting 

the distribution of the different types of substrata, such as fine organic mats, pebbles, and 

sandstones, from the margin to the center of the streambed. Variations in benthic algal 

community patterns, in terms of relative abundance of cell numbers and relative abundance of 

algal biovolume, were quantitatively tested to be a function of the patterns of substrata along the 

gradient of current velocities from low to high.  Large-celled long filamentous Mougeotia 

dominated in near-shore slow flowing stream zones where fine organic sediments were present. 

With the sloughing of Mougeotia towards the center of the streambed transect, small chain-

forming diatoms displayed an increase in relative abundance of algal biovolume along the same 

transect.    
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INTRODUCTION 

Benthic algal communities are composed of all the algal taxa associated with substrata at 

the bottom of stream ecosystems and are key communities in driving the whole stream 

ecosystems in terms of providing food resources for other organisms through carbon fixation. 

Benthic algal communities often display spatial and temporal variations in biomass and 

community structure in response to a variety of biotic and abiotic environmental variables to 

which those communities are subjected. Several studies have been conducted to determine the 

mechanisms under which biotic and abiotic environmental variables modulate the structure and 

function of benthic algal communities. Some common target environmental variables potentially 

regulating benthic algal communities include nutrients (Biggs and Lowe 1994, Gaiser et al. 

2006), substrata (Miller et al. 1987, Vadeboncoeur et al. 2006), and grazers (Steinman 1991, 

Tuchman and Stevenson 1991).  

However, none of these environmental variables (also including those that were not 

mentioned above) exert impacts on benthic algal communities alone. In natural settings, the 

structure and function of benthic algal communities are driven by a combination of many 

environmental variables simultaneously and the interactions between these variables often 

complicate investigations of the relationships between benthic algal communities and their 

surrounding environments. For instance, a study on benthic algal biomass dynamics in nine 

gravel bedded rivers by Biggs and Close (1989) found that variations in benthic algal biomass 

were the result of both current velocity and nutrient concentrations and were not just a function 

of nutrient availability. Another study in a second order stream in eastern Tennessee 

demonstrated that grazers and nutrients simultaneously limited algal biomass (Hill et al. 1992). 
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Wellnitz and Poff (2006) showed how longer grazing duration and lower current velocity could 

collectively accelerate benthic algal regrowth.  

Among a number of different environmental variables that modulate benthic algal 

communities, current velocity has received considerable attention (Jones 1951, Ghosh and Gaur 

1991, Biggs et al. 1998). The direct effects of current on benthic algal community structure can 

be categorized into two contrasting aspects. On one hand, an increase in current can positively 

affect the benthic algal community by increasing the turbulent flux and thus the transport of 

nutrients that can be absorbed by individual benthic algal cells, and the efflux of waste products. 

This can stimulate the metabolism (photosynthesis, respiration, and specific growth rates) of 

each individual benthic alga (Lock and John 1979, Borchardt 1996, Biggs and Stokseth 1996). 

Conversely, an increase in current velocity can negatively affect the benthic algal communities 

by decreasing immigration rates and increasing the drag on algal attachment to the substrata on 

which they grow. As a result, colonization of benthic algae is reduced and sloughing of algal 

growth increases (Stevenson 1983, Biggs and Thomsen 1995).  

In addition to these direct effects of current on the benthic algal community, current 

indirectly modulates benthic algal community structure by interacting with both the biotic and 

abiotic controlling factors described previously (Nielson 1950, Poff and Ward 1992, etc). In 

general, current has indirect effects on benthic algal community structure by modulating habitat 

conditions, such as the type, size, and stability of substratum or by altering the taxonomy, 

distribution, and quantity of invertebrate grazers and fish that feed on or disturb benthic algal 

communities. For example, larger substrata are usually associated with faster flow and are more 

available for benthic macroalgae to grow on (Power and Stewart 1987, Dodds 1991). The density 

of the benthic algal mat is likely to be lower in fast-current zones where herbivorous 
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invertebrates (such as caddis flies and beetles) dominate in community dynamics and benthic 

algal immigration rates are low (Merritt and Cummins 1984).  

Although, previous studies have examined the influences of current velocity, along with 

other environmental variables, upon the structure and function of benthic algal communities, 

little work has been done investigating the trend of the structure of benthic algal communities in 

response to small-scale gradient of current velocities. In this study, the effect of small-scale 

gradient of current velocities was made possible by investigating benthic algal structure along a 

streambed transect with current velocity increasing from the margin to the middle of that transect, 

compared to benthic algal communities created in experimental flumes in responses to a similar 

gradient of current velocities.  

The objectives of this study were: 1) to determine how the benthic algal communities were 

distributed naturally along a streambed transect that had a small-scale gradient of current 

velocities, which were also associated with different patterns of substrata. 2) to determine 

whether similar variations in benthic algal community patterns would be recreated when such a 

natural gradient of currents was duplicated in the experimental flumes.  

Assuming that all other parameters regulating benthic algal communities were constant in 

this study, I hypothesized that the gradient of currents functions as a determinant in modulating 

the benthic algal communities indirectly by affecting the distribution of the substrata, such as 

fine organic mats, pebbles, and sandstones, from the margin to the center of the streambed. 

Variations in benthic algal community patterns, in terms of relative abundance of cell numbers 

and relative abundance of algal biovolume, were quantitatively tested to be a function of the 

patterns of substrata along the gradient of current from low to high. Specifically, I hypothesized 

that filamentous macroalgal taxa such as Ulothrix and Mougeotia would be abundantly floating 
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in slow-flowing stream zones where fine sediments predominated. Conversely, off-shore zones 

settled by stable substrata (pebbles) would be more likely colonized by attached algal taxa, such 

as some monoraphid diatoms Achnanthidium and Cocconeis and some stalked diatoms (i.e., 

Cymbella) that produced mucilage for their association with substrata.   

Conducted in a stream in the Great Lakes region of North America, the goal of this study 

was to contribute to the data base that can help predict benthic algal community patterns in other 

aquatic systems with similar habitat conditions.  
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MATERIALS AND METHODS 

Study Site 

There is a greater possibility to observe variations in the structure and function of a benthic 

algal community when streambed sediments are relatively stable, and light, water temperatures, 

and nutrient concentrations are relatively high and invariant (Power and Stewart 1987, 

Scarsbrook and Townsend 1993). Thus, in this study I chose to conduct the following field 

observations and manipulated experiments during the summer in the Maple River, Michigan, 

when and where such ideal habitat conditions are well met (Pan 1993).  

The East Branch of the Maple River (EBMR) is a typical boreal stream which originates 

from Douglas Lake and flows into Burt Lake. Both of the lakes are alkaline glacial lakes in 

northern Michigan (Fig. 1). One riffle area in the EBMR, one-half mile upstream from the 

Stream Research Facility (SRF), University of Michigan Biological Station (UMBS), was chosen 

as the field observation site. EBMR is pristine and located in a remote surrounding, making the 

disturbance level and eutrophic state that are usually caused by human activities, such as boating, 

sewage effluent, and agricultural activities, weak and constant in this study. In addition, EBMR 

is shallow with its riparian vegetation in the form of shrubs (relatively low in height), allowing 

the stream to receive relatively evenly distributed amount of light throughout the water surface in 

summer.  

Experimental Design 

Field Observations 

In the chosen riffle area, a gradient of currents comprising 0, 10.0±0.5, 20.0±1.0, 

30.0±1.5, and 46.0±2.3 cm/s was obtained by an Acoustic Doppler Velocimeter (ADV) 

measuring current velocities of potential sampling sites with distinguishable patterns of substrata 
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along a transect of the streambed. As a result, five sample collecting sites were selected and 

spread along the transect running from the margin to the center of the streambed. The patterns of 

substrata on which the on-site periphyton communities colonized included fine layers of organic 

detritus, median-sized pebbles, large pebbles, and fine sand grains.  Three replicate samples were 

collected from each site.  

Manipulative Experiments 

Manipulative experiments were conducted at the SRF, UMBS. Water was pumped from 

the stream via an intake at SRF, dispensed throughout the experimental station by polyvinyl 

chloride gutters, and controlled by valves. Fifteen U-type vinyl flumes, 13 cm wide and 250 cm 

long, were used as artificial flumes to simulate the microhabitats that were subjected to the same 

gradient of current velocities observed at the field site. In other words, a gradient of current 

velocities of 0, 10.0±0.5, 20.0±1.0, 30.0±1.5, and 46.0±2.3 cm/s was constructed and applied to 

the artificial flumes. The measurements of current velocities in the artificial flumes were 

conducted by collecting flowing water with a 2-liter graduated cylinder at the open end of each 

flume over a short period of time recorded by a stop watch. The value of each current velocity 

was achieved via volume of water being divided by the size of vertical surface area of the 

flowing water in each flume and then divided by the time that was used to collect that amount of 

water with the graduated cylinder. Treatment of each current velocity was repeated three times in 

a set of three vinyl flumes. Square ceramic tiles, 35 cm² in surface area, were lined up in each 

flume as artificial substrata for the algal colonization. The colonization was allowed to occur 

between July 24th and August 9th, 2006 for a total period of sixteen days. The flumes were 

unshaded and protected from exterior disturbance (i.e., rain, wind, and storm) by a cover of 
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transparent plastic membranes. The water depth of the flumes was generally very shallow (<4cm 

deep).  

Sample Collection 

For both the field observation and manipulative experiments, a total number of 105 

periphyton samples (with 15 from field and 90 from SRF, respectively) were collected 

quantitatively using a metal ring of 3.2 cm² in surface area. For the field observations, epipelic 

and epipsammic samples were collected using plastic pipettes with the end obliquely cut. The 

obliquely cut plastic pipettes allowed a complete collection, which might otherwise have been 

lost due to the ambient flowing water. Epilithic samples were collected by firstly retrieving 

pebbles from the sites and then scraping (by a blade) an area of 3.2 cm² using the same metal 

ring. For the manipulative experiments, both plastic pipettes and blades were used to remove 

algal samples from the ceramic tiles. Three tiles were randomly picked for algal sampling in each 

vinyl flume, with each selected tile being scraped at the center and the margin of the surface area 

separately. 

All samples were stored in individual screw-topped vinyl bottles with approximately 20 ml 

of the ambient stream water. Samples were then taken back to laboratory within six hours and 

preserved with glutaraldehyde to the final concentration of 3% for future species identification 

and enumeration.  

Water samples were taken from water columns at both field and experimental sites and 

then transported back to the laboratory at UMBS for generation of  chemical data (pH, Total 

Phosphate, Total Nitrogen, SiO2, etc.).    

Sample Processing and Analysis 
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Algal density was estimated initially by enumerating algal units within each subsample in 

a Palmer-Maloney nannoplankton counting chamber under a light microscope (Olympus BX51) 

at 400× magnification. A minimum of 300 algal units were counted and identified to species 

level (Komarek 2003) for each subsample, with the exception of diatoms, which were only 

enumerated without species identification at this point. An area of 10 µm×10 µm of the growth 

colony of blue-green algae was considered to be one counting unit. For small blue green 

filamentous algae (such as Anabaena), 10 µm in length was counted as a unit, while one cell as 

one unit for large green filamentous algae (such as Mougeotia). For other soft algae and diatoms, 

each individual cell represented a counting unit.  

Another algal subsample was used to make permanent diatom slides. Diatom slides were 

prepared by boiling a portion of the subsample with the same volume of nitric acid to the 

subsample’s original volume (Patrick and Reimer 1966). The suspension was then diluted with 

distilled water and allowed to settle for 8 hours, after which the sample was decanted. This 

process was repeated until the pH of the suspension became neutral. The cleaned samples were 

then air dried onto coverslips and mounted in Naphrax®. Diatoms were identified to species level 

(Patrick and Reimer 1966, Krammer and Lange-Bertalot 1986, 1991) using the same light 

microscope at 1000× magnification under oil immersion.  

Algal biomass was estimated by calculating algal biovolume based on the geometric 

shapes of each algal species (Hillebrand et al. 1999). An average algal biovolume was 

established by measuring at least 15 counting units for a dominant species and five for a rare 

species.  

Community and Statistical Analysis 
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In order to investigate the community structure of the periphyton subjected to the 

gradient of current velocities, algal taxa were categorized into six groups based on the 

morphological and ecological characteristics of each species present. The six physiognomic 

groups of algal taxa were: 1) benthic cells forming long or small chains as colonies (BC); 2) 

biraphid benthic cells free to move (motile) and loosely lying on the substratum (BM); 3) benthic 

cells attached erectly to substratum via mucilage stalks (EM); 4) large cylindrical cells forming 

long filaments (LF); 5) monoraphid benthic cells lying flat and attached to substrata via mucilage 

pads (MA); 6) Cells originated from plankton in upper water, also called tychoplankton (TY). 

Relative abundance of cell numbers and relative abundance based on total algal biovolume of 

each physiognomic group were statistically tested along the gradient of current velocities in both 

the filed and experimental flume samples.  

All statistical analyses were conducted via the MINITAB® Release 14 and Microsoft® 

Office Excel 2003. Two-factor Analysis of Variance (ANOVA) was run to determine the algal 

responses to the gradient of current velocities between field observations and manipulative 

experiments, among ecological and morphological categories, as well as the effect of interaction 

of site settings and categories (alpha=0.05). The relative abundance of cell numbers and relative 

abundance of algal biovolume were both transformed with arcsine square root for the two-factor 

ANOVA analyses and the post-hoc Tukey’s tests.  

Percent Stacked Area Charts were produced to compare the trend of percentage each 

algal division contributed in terms of both relative abundance of cell numbers and relative 

abundance of algal biovolume over the gradient of current velocities in both field and 

experimental settings. Post-hoc Tukey’s tests were used to reveal how each algal physiognomic 
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group responded to the gradient of current velocities differentially in terms of relative abundance 

of algal biovolume at both site settings.   
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RESULTS 

Condition of Stream and Artificial Flumes  

Water temperatures were relatively constant at an average of 28±2° C over the 

experimental period. All the sampling sites were neutral to slightly alkaline (pH level averaged at 

7.68). There were no significant differences in nutrient levels between the natural and 

experimental sampling sites, except that the streambed water had an average of 12 µgN/L of 

NH4-N and 9.5 µgN/L of NO3-N, compared to 16µgN/L of NH4-N and 6µgN/L of NO3-N for 

water flowing through the artificial flumes. The averages of other assays of water chemistry in 

both the field and experimental settings were as follows: 2 µgP/L of PO4-P, 11.5 µgP/L of Total 

Phosphorus, 0.3 mg N/L of Total Nitrogen. The results of ADV data analysis turned out that the 

correlation coefficients were around 0% for all the five different field sampling sites, suggesting 

that the dynamic readings from ADV not be used in this study. Nevertheless, the mean current 

velocity measurements were still capable of indicating that the gradient of current velocities from 

low to high (0, 10.0±0.5, 20.0±1.0, 30.0±1.5, and 46.0±2.3 cm/s) was found at the sampling sites 

along the streambed transect.   

Species Composition 

From the 45 samples examined in this study, 34 genera and 70 species of diatoms 

(Bacillariophyta), 8 species of blue green algae (Cyanobacteria), 9 species of green algae 

(Chlorophyta), and 1 species of Euglenophytes were identified and enumerated using light 

microscopy. Since the algae colonizing the artificial flumes were originally from the stream 

water pumped one-half mile downstream of the streambed sampling sites, biovolume for algae 

from the natural and artificial settings were considered to be similar for each species. The algal 
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biovolume per cell ranged from 19 to 36, 022 µm3 for the diatoms, 1 to 269 µm3 for the 

cyanobacteria, 67 to 196,220 µm3 for the greens, and 103 µm3 for the only species (Euglena sp.) 

found in Euglenophytes. The genus Mougeotia significantly dominated periphyton biovolume in 

the samples obtained from slow current sites in both natural and artificial settings. However, 

diatom species dominated species numbers in all sampling sites, including both field and flumes 

sites.  

Of the samples obtained from the streambed sites, the percentages of diatom cells 

counted slightly varied and averaged at 82.5%. Diatoms averaged at 57.9% of total algal 

biovolume (Fig. 2). The most abundant algal division was Chlorophyta, in terms of algal 

biovolume, from samples obtained from streambed sites with slow current velocity (87.4% at 0 

cm/s and 80.7% at 10.0±0.5 cm/s). However, for samples obtained from sites with high current 

velocity, diatoms dominated total algal biovolume: 69.1% at 20.0±1.0 cm/s, 95.4% at 30.0±1.5 

cm/s, and 93.3% at 46.0±2.3 cm/s (Fig. 3).  

Of samples from artificial flumes, diatoms averaged at 81.2% in species numbers (Fig. 4), 

and averaged at 50.2% in relative abundance of total algal biovolume. The same trend for the 

relative abundance of diatoms (it increased as current velocity increased) also occurred in 

samples from the artificial flumes: 19.6% at 0 cm/s, 21.2% at 10.0±0.5 cm/s, 43.9% at 20.0±1.0 

cm/s, 72.6% at 30.0±1.5 cm/s, and 93.5% at 46.0±2.3 cm/s (Fig. 5). 

The dominant diatom genera in terms of cell number counted in periphyton communities 

from both natural and artificial settings were Achnanthidium (averaged at 14.3% for field and 

12.5% for manipulative experiments, respectively) and Staurosira (averaged at 31.9% for field 

and 37.6% for manipulative experiments, respectively). Achnanthidium was a small (its 

biovolume averaged at 103 µm3) monoraphid genus prostrately attached to hard substrata and 
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Staurosira was also small-celled (with 163 µm3 as its average biovolume) that formed long 

chains in this study. The genus Mougeotia allowed the division of Chlorophyta to become the 

most abundant in terms of total algal biovolume in samples from sites that were subjected to 

slow current velocity. Three species of Mougeotia were present in large long filaments in this 

study, with an average of 73, 827 µm3 in biovolume per cell.  

Community Structure 

There was no significant difference in algal response to current velocity=0 cm/s with 

respect to the algal cell numbers counted between samples from streambed sites and artificial 

flumes (ANOVA, P=0.678, DF=1), as well as no significant effects of interaction of site settings 

where samples were obtained and physiognomic categories on the algal response in terms of cell 

density to V=0 cm/s (ANOVA, P=0.934, DF=5). However, the six morphological and ecological 

groups of algae responded to V=0 cm/s significantly differently in terms of algal cell density 

(ANOVA, P=0.000, DF=5). The same phenomenon (no significant effects of site settings, no 

significant effects of interaction of site settings and categories, but significant effect of categories 

on algal response in terms of cell density to current velocity) occurred in algal communities 

responding to other current velocities that were chosen in this study (Table 2).  

Similarly, in terms of relative abundance of algal biovolume, there was no significant 

difference in algal response to current velocity=0 cm/s between samples from streambed sites 

and artificial flumes (ANOVA, P=0.799, DF=1), as well as no significant effects of interaction 

of site settings and physiognomic categories on the algal response to V=0 cm/s (ANOVA, 

P=0.995, DF=5). However, the six morphological and ecological groups of algae responded to 

V=0 cm/s significantly differently as far as relative abundance of algal biovolume was concerned 

(ANOVA, P=0.000, DF=5). This same phenomenon (no significant effects of site settings, no 
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significant effects of interaction of site settings and categories, but significant effects of 

categories on algal response in terms of relative abundance of algal biovolume to current velocity) 

occurred in algal communities responding to other current velocities (Table 3).  

The six physiognomic groups of algal taxa responded to current velocity differentially in 

terms of relative abundance of algal biovolume for the periphyton communities from both 

natural and artificial settings (Fig. 6 and Fig. 7, respectively). The trend for each physiognomic 

group in terms of relative abundance of algal biovolume over the gradient of current velocities 

were illustrated via the post-hoc Tukey’s tests (Fig. 8a through Fig. 13b). The relative abundance 

of long filamentous algae stayed constant when current velocity increased from 0 cm/s to 

10.0±0.5 cm/s, and then experienced a great significant decrease as current velocity continued to 

increase. Biraphid, motile diatoms reached the highest relative abundance of algal biovolume at 

the second highest (V=30.0±1.5 cm/s) rather than the highest (46.0±2.3 cm/s) current velocity. 

The same trend also applied to tychoplankton. Compared to long filamentous algae, benthic 

chain-forming diatoms displayed an opposite trend in terms of relative abundance of algal 

biovolume: a positive increase in relative abundance accompanying the increasing current 

velocity. There were no significant trends in terms of relative abundance of algal biovolume for 

the two other minor algal groups, stalked diatoms and adnate diatoms with single raphes.   
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DISCUSSION 

Condition of Stream and Artificial Flumes 

 Physical parameters, including water temperature, light regime, concentration of nutrients, 

were relatively invariant along the streambed transect and between the field sites and 

experimental flumes. The invariance of stream and artificial flumes condition made it possible 

for this study to focus on the effects of the gradient of current velocities on the benthic algal 

communities under both site settings. The attempts to measure the turbulent dynamics of each 

field sampling sites by ADV were stopped by the low signal-to-noise ratio, which resulted in the 

near zero percentages (far below the satisfactory limit 40% for using ADV data) of correlation 

coefficients for each sampling site.  

Community Structure 

As expected, algal community structure was significantly different from the margin to the 

center of the streambed (associated with an increasing gradient of current velocities). Further 

manipulative experiments in the SRF supported the observation that current velocity contributed 

greatly in structuring the algal communities in the same respect. More specifically, a shift from 

dominance by large-celled upright filamentous taxa at low velocities to more small chain-

forming taxa at higher velocities occurred in algal communities in both the natural and artificial 

settings.  

Theoretically, current velocity provides a mass transfer subsidy of nutrients, as well as 

shear stress for periphyton communities (Borchardt 1996). The above counteracting processes 

simultaneously exert influences on periphyton communities, with one or another being the 

dominant factor in modulating the structure and function of periphyton communities under 

specific conditions. In this study, current velocity indirectly played an important role in 
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engendering the patchy distribution of the periphyton communities by determining the patterns 

of substrata on which the periphyton colonized.  

Mats of fine organic detritus were sloughed by the increasing current velocity along the 

transect of the streambed, which precipitated a shift of substrata for periphyton from fine 

sediments to hard substrata that were more resistant to the form drag and surface friction of shear 

stress. With still or low current velocities water, fine organic sediments served as both rich 

nutrient resource and stable substrata for periphyton communities to maintain a high species 

diversity and biomass. Conversely, higher current velocities excluded some algal taxa (large-

celled long filamentous algae in this study) that preferred slow current with fine sediments as 

their substrata.   

The genus Mougeotia, one of the large-celled long filamentous algae present in the algal 

communities, displayed the greatest shift in relative abundance in response to the small-scaled 

gradient of current velocities from the margin to the center of the streambed. Mougeotia 

accounted for more than 96% of the total algal biovolume of the division Chlorophyta and made 

the division the most dominant in the algal communities that were subjected to low current 

velocities (0 cm/s and 10.0±0.5 cm/s). However, the percentage of cell numbers of Mougeotia 

was quite low (less than 10%). Mougeotia was observed in the growth form of tangled filaments 

growing into a dense blanket along the margin of the streambed in this study (Fig 14). The 

marginal zone of the streambed was characterized by relatively low current water flowing above 

the layers of fine detrital organic sediments. The dense Mougeotia present on the marginal 

sediment tended to slow down water flow with the resultant increase in the accumulation of 

organic detritus from the surrounding environment. The formation of such layers of organic 

detritus provided habitat for epipelon, and the dense blanket of Mougeotia provided substrata for 
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epiphytic algae. Epipelic algae growing on organic sediments developed into dense mat-like 

communities. Since most epipelic and epiphytic algal taxa belong to the Bacillariophyta division, 

this may explain why the cell numbers of diatoms in the marginal zones was not significantly 

less than in the fast current zones associated with more diatoms attached to hard substratum 

(pebbles and sand grains). The growth form of Mougeotia as filamentous masses into dense 

blanket in slow current water was also recorded by Whitton (1971) and Ilmavirta el al. (1977). 

Additionally, the dominance of total algal biovolume by Mougeotia at low current velocities was 

exaggerated in this study because the measurements of algal biovolume were only based on the 

geometric dimensions of the preserved species, whose cavities were mostly saturated and 

enlarged by water.  

With the sloughing of long filamentous algae towards the center of the streambed transect, 

the group of chain-forming diatoms experienced an increase in the relative abundance of algal 

biovolume along that transect with the increasing gradient of current velocities. It may be an 

important strategy for some diatom species to form chains in colonies to adapt to the increasing 

current flow, since layers of fine detritus on which the individuals tended to colonize were 

washed out with an increasing current velocity. Those chain-forming diatoms present in this 

study were represented by the three subspecies of Staurosira construens, which has been 

recorded as a frequent chain-forming diatom species accustomed to fast water flow by Morales 

(2005). 

It was unsurprising to have motile biraphid diatoms, as well as tychoplankton, reach the 

maximum relative abundance of algal biovolume at median current velocities. Tychoplanktonic 

algal taxa arrived at their biovolume crest at V=20.0±1.0 cm/s, which was lower than the one 

(V=30.0±1.5 cm/s) for the motile biraphid diatoms to arrive at theirs. Species of motile biraphid 
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diatoms and tychoplankton only loosely, rather than tightly, attached to substrata, so their 

relative abundance was potentially more subjected to the counteracting effects (nutrient subsidy 

and shear stress) of current velocity upon the whole algal communities. The trade-off between 

the two counteracting processes possibly explained why those groups of algae maintained the 

peak relative abundance of algal biovolume at the median current velocities, rather than the ends 

of the velocity gradient.  

There was no significant change of relative abundance of algal biovolume in stalked 

diatoms and adnate diatoms with single raphes in response to the gradient of current velocities 

along the streambed transect in this study. This was contrary to the findings of Biggs et al. (1998) 

who concluded that stalked communities displayed a unimodal distribution in biomass with both 

subsidy and stress processes dominating different ends of the velocity gradient. Their result 

corroborated the classic “subsidy-stress” model (Odum et al. 1979), which stated that small scale 

perturbations involving usable nutrients would stimulate ecosystem function while continued 

perturbation would be negative to the community equilibrium and functioning. The lack of 

responses of the stalked and adnate diatoms to the gradient of current velocity along the 

streambed transect might be due to the inconsistent sizes and stability of the substrata off which 

those whole algal communities were scraped. All the field sampling sites were chosen based only 

on the current velocities to which those algal communities were subjected and the types of 

substrata on which the algal communities colonized. Little effort was taken to investigate and 

incorporate the substratum size and stability, which may have had considerable impacts on the 

distribution of herbivores (Denicola and Mcintire 1991, Robson and Barmuta 1998), which, in 

turn, could directly exert influences upon algal abundance and species composition by grazing at 

certain levels (Hill and Knight 1988, Steinman 1996). The reason why there were also no 
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stronger results for the manipulative experiments in terms of adnate and stalked diatoms 

distribution in the SRF could potentially be a function of the rareness of those two physiognomic 

groups compared to other more abundant ones.   

Additionally, regardless of the morphological and ecological categories of the algal taxa, 

there were more diatom species recorded in terms of relative abundance of algal biovolume in 

periphyton communities towards the center the streambed, where higher current velocities were 

measured. However, several species, such as Achnathidium exigua and Gomphonema parvulum 

(Goldsorough 1994, Cremer et al. 2004), that have been recorded as taxa only associated with 

sediments were also found in the center stream zones that were characterized by being embedded 

with median-sized and large pebbles. The overlap of species that were expected to be found at 

separate sites of the streambed transect occurred probably for the reason that some algal taxa of 

the upstream algal communities might be sloughed downstream and trapped in the final field 

algal samples.   

Conclusion 

This study investigated how algal communities responded to the gradient of current 

velocities along a streambed transect, which intrinsically required the incorporation of 

substratum types into this study. In conclusion, the small-scaled gradient of current velocities 

functioned as a robust abiotic factor, complementary with substratum types, in regulating the 

periphyton community structure. This resulted in near-shore communities being dominated by 

large-celled long filamentous algae with increasing small chain-forming diatoms toward the 

stream center.    
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APPENDIX 
TABLES AND FIGURES 

 
Table 1. Species List with Categorization and Average Biovolume Per Counting Unit. BC 
represents benthic valves forming long or small chains, BM represents biraphid, loosely lying on 
substratum (motile), EM represents attached erectly to substratum (in mucilage), LF represents 
long filament, MA represents monoraphid, adnate, and TY represents tychoplankton. 
 

Bacillariophyta 
Biovolume 
(µm3) 

Grouping

Achnanthidium affine (Grunow) Czarnecki 39 MA 
Achnanthidium clevei (Grunow) Czarnecki 243 MA 
Achnanthidium exigua Grunow 71 MA 
Achnanthidium minutissimum (Kützing) Czarnecki 59 MA 
Amphipleura pellucida (Kützing) Kützing 1460 BM 
Amphora pediculus (Kützing) Grunow 19 BM 
Aulacoseira ambigua (Grunow) Simonsen 296 TY 
Cocconeis neodiminuta Krammer 624 MA 
Cocconeis pediculus Ehrenberg 419 MA 
Cocconeis placentula Ehrenberg 38 MA 
Cyclotella michiganiana Skvortzow 824 TY 
Cyclotella ocellata Pantocsek 1411 TY 
Cyclotella striata (Kützing) Grunow 584 TY 
Cymbella affinis Kützing 410 EM 
Cymbella amphicephala Nägeli 249 EM 
Cymbella hybrida Grunow  68 EM 
Cymbella microcephala Grunow 1465 EM 
Diploneis oblongella (Nägeli) Cleve 338 BM 
Epithemia turgida (Ehrenberg) Kützing 8357 BM 
Eucocconeis flexella (Kützing) Cleve 1743 MA 
Fistulifera saprophila (Lange-Bertalot & Bonik)  Lange-Bertalot 39 BM 
Fragilaria acus Kützing 305 TY 
Fragilaria capucina var. mesolepta (Rabenhorst) Rabenhorst 283 TY 
Fragilaria intermedia Grunow  562 TY 
Gomphonema angustatum (Kützing) Rabenhorst 396 BM 
Gomphonema gracile Ehrenberg 1698 BM 
Gomphonema minutum (Agardh) Agardh 979 BM 
Gomphonema parvulum (Kützing) Kützing 357 BM 
Gomphonema sphaerophorum Ehrenberg 479 BM 
Gomphonema truncatum Ehrenberg 1322 BM 
Hippodonta capitata (Ehrenberg) Lange-Bertalot, Metzeltin & Witkowski 423 BM 
Hippodonta hungarica (Grunow) Lange-Bertalot, Metzeltin & Witkowski 291 BM 
Kolbesia ploenensis (Hustedt) Round & Bukhtiyarova 59 MA 
Martyana martyi (Héribaud) Round 295 EM 
Melosira varians Agardh 1990 BC 
Meridion circulare (Greville) Agardh  252 EM 
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Navicula cryptocephala  Kützing 510 BM 
Navicula gastrum  (Ehrenberg) Kützing 4210 BM 
Navicula oblonga  Kützing 3063 BM 
Navicula praeterita Hustedt  1185 BM 
Navicula pseudoscutiformis Hustedt  160 BM 
Navicula radiosa  Kützing 2728 BM 
Navicula salinarum Grunow 2476 BM 
Navicula schadei Krasske 106 BM 
Neidium ampliatum (Ehrenberg) Krammer 4011 BM 
Nitzschia amphibia Grunow 278 BM 
Nitzschia laccum Lange-Bertalot 924 BM 
Nitzschia linearis (Agardh) W. Smith 68 BM 
Nitzschia palea (Kützing ) W. Smith 579 BM 
Pinnularia gentiles (Donkin) Cleve 34419 BM 
Pinnularia viridis (Nitzsch) Ehrenberg 36022 BM 
Planothidium lanceolatum (Brébisson) Round & Bukhtiyarova 178 MA 
Planothidium Oestrupii (Cleve) Round & Bukhtiyarova 75 MA 
Planothidium pseudotanense (Cleve) Lange-Bertalot 106 MA 
Pseudostaurosira brevistriata (Grunow) Williams & Round 133 BC 
Reimeria sinuata  (Gregory) Kociolek & Stoermer 298 BM 
Rhopalodia gibba (Ehrenberg) O. Müller 15372 BM 
Sellaphora pupula (Kützing) Mereschk 571 BM 
Stauroforma exiguiformis (Lange-Bertalot) Flower 94 BC   
Stauroneis smithii Grunow  131 BM 
Staurosira construens f. binodis (Ehrenberg) Hustedt 260 BC 
Staurosira construens f. construens (Ehrenberg) Grunow 95 BC 
Staurosira construens f. venter (Ehrenberg) Hustedt 133 BC 
Staurosirella ansata (Hohn & Hellerman) Kingston 255 BC 
Staurosirella leptostauron (Ehrenberg) Williams & Round  286 BC 
Staurosirella pinnata (Ehrenberg) Williams & Round  186 BC 
Stephanodiscus binderanus (Kützing) Krieger 148 TY 
Surirella tenera Gregory 18707 BM 
Synedra rumpens Kützing 1437 BC 
Synedra ulna (Nitzsch) Ehrenberg 6104 BC 
Cyanophyta   
Anabaena sp.1 81 TY 
Aphanocapsa sp.1 102 TY 
Chroococcus turgidus (Kützing) Nägeli 269 TY 
Coelosphaerium sp.1 78 TY 
Merismopedia major (W. Smith) Geitler 5 TY 
Microcystis sp.1 1 TY 
Oscillatoria limosa (Agardh) Gomont  189 LF 
Phormidium sp.1 11 LF  
Chlorophyta   
Closterium acutum Brébisson 377 TY 
Cosmarium caelatum Ralfs 8773 TY 
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Dimorphococcus sp.1 67 TY 
Mougeotia sp.1  2057 LF 
Mougeotia sp.2 23205 LF 
Mougeotia sp.3 196220 LF 
Oocystis sp.1 375 TY 
Pediastrum tetras (Ehrenberg) Ralfs 789 TY 
Scenedesmus sp.1 123 TY 
Sphaerocystis sp.1 524 TY 
Staurastrum sp.1 893 TY 
Euglenophytes   
Euglena sp.1 103 TY 

 
 
 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



26 

 
 

 

Current Velocity 0 cm/s 10.0±0.5 cm/s 20.0±1.0 cm/s 30.0±1.5 cm/s 46.0±2.3 cm/s 
Site Settings              0.678 (1) 0.706 (1) 0.992 (1) 0.553 (1) 0.964 (1) 
Category 0.000 (5) 0.000 (5) 0.000 (5) 0.000 (5) 0.000 (5) 
Site settings ×Category     0.934 (5) 0.939 (5) 0.929 (5) 0.629 (5) 0.804 (5) 

Table 2. P-values (Degrees of Freedom) of the Two-factor Analysis of Variance showing no 
difference in algal response to current velocity between field sites and artificial flume sites, as 
well as no interaction of site settings and categorization on algal response to current velocity, in 
terms of relative abundance of cell numbers.  
 
 
 

 

Current Velocity 0 cm/s 10.0±0.5 cm/s 20.0±1.0 cm/s 30.0±1.5 cm/s 46.0±2.3 cm/s 
Site Settings              0.799 (1) 0.884 (1) 0.719 (1) 0.216 (1) 0.895 (1) 
Category 0.000 (5) 0.000 (5) 0.000 (5) 0.011 (5) 0.001 (5) 
Site settings ×Category     0.995 (5) 0.964 (5) 0.870 (5) 0.279 (5) 0.919 (5) 

Table 3. P-values (Degrees of Freedom) of the Two-factor Analysis of Variance showing no 
difference in algal response to current velocity between field observation sites and artificial 
flume sites, as well as no interaction of site settings and categorization on algal response to 
current velocity, in terms of relative abundance of algal biovolume.  
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Fig 1 A. Map of Michigan showing the location of the Maple River.  

B. Map of the Maple River, Emmet County, Michigan, showing the East Branch, the West 
Branch, and the Main Branch of the Maple River.  
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Figure 2. Relative abundance of cell numbers for each algal division from the streambed 
communities in response to the gradient of current velocities.  
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Figure 3. Relative abundance of algal biovolume for each algal division from the streambed 
communities in response to the gradient of current velocities.  
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Figure 4. Relative abundance of cell numbers for each algal division from the artificial flume 
communities in response to the gradient of current velocities.  
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Figure 5. Relative abundance of algal biovolume for each algal division from the artificial flume 
communities in response to the gradient of current velocities. 
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Figure 6: Relative abundance of algal biovolume for each physiognomic algal group from the 
artificial flume communities in response to the gradient of current velocities. BC represents 
benthic diatoms forming long or small chains, BM represents biraphid, loosely lying on 
substratum (motile), EM represents attached erectly to substratum (in mucilage), LF represents 
long filament, MA represents monoraphid, adnate, and TY represents tychoplankton.  
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Figure 7: Relative abundance of algal biovolume for each physiognomic algal group from the 
streambed communities in response to the gradient of current velocities. BC represents benthic 
valves forming long or small chains, BM represents biraphid, loosely lying on substratum 
(motile), EM represents attached erectly to substratum (in mucilage), LF represents long filament, 
MA represents monoraphid, adnate, and TY represents tychoplankton.  
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Figure 8a. Summary statistic for the physiognomic group MA and results of post-hoc Tukey’s 
test of streambed algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
 

 
Figure 8b. Summary statistic for the physiognomic group MA and results of post-hoc Tukey’s 
test of artificial flume algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
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Figure 9a. Summary statistic for the physiognomic group BM and results of post-hoc Tukey’s 
test of streambed algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
 

 
Figure 9b. Summary statistic for the physiognomic group BM and results of post-hoc Tukey’s 
test of artificial flume algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
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Figure 10a. Summary statistic for the physiognomic group TY and results of post-hoc Tukey’s 
test of streambed algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
 

 
Figure 10b. Summary statistic for the physiognomic group TY and results of post-hoc Tukey’s 
test of algal responses over the gradient of current velocities in terms of relative abundance of 
algal biovolume (arcsine square root transformed). (Physiognomic group abbreviation was 
explained in Table 1) 
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Figure 11a. Summary statistic for the physiognomic group EM and results of post-hoc Tukey’s 
test of streambed algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
 

 
Figure 11b. Summary statistic for the physiognomic group EM and results of post-hoc Tukey’s 
test of artificial flume algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
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Figure 12a. Summary statistic for the physiognomic group LF and results of post-hoc Tukey’s 
test of streambed algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
 

 
Figure 12b. Summary statistic for the physiognomic group LF and results of post-hoc Tukey’s 
test of artificial flume algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
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Figure 13a. Summary statistic for the physiognomic group BC and results of post-hoc Tukey’s 
test of streambed algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
 

 
Figure 13b. Summary statistic for the physiognomic group BC and results of post-hoc Tukey’s 
test of artificial flume algal responses over the gradient of current velocities in terms of relative 
abundance of algal biovolume (arcsine square root transformed). (Physiognomic group 
abbreviation was explained in Table 1) 
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Figure 14. Mougeotia dominantly floating above the fine sediments along the margin of the 

streambed.  
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