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EPIPHYTIC DIATOM COMMUNITY STRUCTURE IN A KARST RIVERINE 

SYSTEM 

Gregory John Barren  May 2015   62 Pages 

Directed by: Dr. Scott Grubbs, Dr. Albert Meier, and Dr. Ouida Meier 

Department of Biology Western Kentucky University 

The goal of this study was to assess the epiphytic diatom community structure of 

two host species along a karst gradient in the upper Green River, Kentucky to a gain a 

better understanding of the role of diatoms in the food web. The host species studied were 

Podostemum  ceratophyllum and Cladophora.  Percent cover of P. ceratophyllum and 

Cladophora were quantified in the four study reaches. The host species were sampled 

near-shore and mid-channel in each reach in September and October of 2013. After 

diatoms were extracted from the host and enumerated the density and diversity were 

quantified. Twelve genera were identified with > 91% of the community in each reach 

being Cocconeis. The second most abundant genus was Achnanthes or Navicula 

depending on the reach. The density and diversity of diatoms increased longitudinally 

going downstream. Exceptions to this trend occurred when high flow events disturbed the 

community.  Within reaches there were no differences in diatom diversity in near-shore 

and mid-channel habitats. Diatom density in near-shore and mid-channel habitats was 

only different in the most downstream reach. Cladophora had a community twice as 

dense as P. ceratophyllum, but less diverse. The results of this study indicate that there 

are longitudinal differences in diatom communities in the upper Green River and host 

species are an important factor in determining the community composition. The 

importance of epiphytic diatoms in the food web, however, remains unclear.
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Introduction 

Diatoms are a diverse group of algae that are distributed globally. They are found 

mostly in marine and freshwater environments, but in some cases can be found in 

terrestrial environments. Within these environments they can be found in various 

habitats. For example, they can be found suspended in the water column, growing on 

benthic substrate, or growing on the surface of macrophytes and macroalgae. Diatoms are 

important because they are a significant contributor to global gross primary productivity 

(Scala and Bowler, 2001), they can act as ecosystem engineers (Gerbersdorf et al., 2009), 

and because they form the base of many aquatic food webs (Finlay et al., 1999; Mayer 

and Likens, 1987).   

Diatoms are highly productive, accounting for about 40% of the oceans primary 

productivity (Scala and Bowler, 2001). Marine phytoplankton fixes about 45 GT of 

carbonyr
-1

 and under favorable conditions they can fix about 2000 gm
-2

 annually (Scala 

and Bowler, 2001; Falkowski et al., 1999). In addition to carbon they are also important 

in the cycling of silica, phosphorous, and nitrogen by fixing these nutrients and then 

settling to the benthos after cell senescence (Smetacek, 1985).  

In some systems diatoms are considered ecosystem engineers because they 

stabilize sediments and prevent erosion with sticky exudates that bind the sediment 

together, which allows other organisms to colonize those habitats (Gerbersdorf et al., 

2009).  Some diatoms are also capable of modifying the environment by increasing the 

biologically accessible nitrogen (N) available through N-fixation (Furey et al., 2012). N-

fixation is carried out by cyanobacteria that live symbiotically in some diatom genera 

(e.g., Epithemia and Rhopalodia) (Furey et al., 2012). When the standing crop of these 
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genera is large enough they can be a significant source of biologically accessible N, 

especially in N-limited systems (Furey et al., 2012). 

Diatoms are also important because they form the base of many aquatic food 

webs. In open canopy streams where light availability is high diatoms can be a significant 

food source for many herbivorous macroinvertebrates (i.e., grazers) because of their high 

productivity (Finlay et al., 1999; Vannote et al., 1980). In closed canopy streams diatoms 

are generally considered less important because they are less productive and less 

abundant than terrestrial detritus (Vannote et al., 1980). Despite being less productive 

they can still be a significant food source for grazers (Finlay et al., 1999). For example, in 

a closed canopy stream in New Hampshire diatoms made up ca. 50% of the diet of 

Neophylax aniqua (Trichoptera) and supported ca. 75% of their growth (Mayer and 

Likens, 1987).  

Within open and closed canopy systems the effect of grazers on diatom 

communities may be more or less important than other factors (e.g., nutrients) (Lange et 

al., 2011; Miralto et al., 1999; Dudley, 1992). Lange et al. (2011) found that grazing 

significantly affected only one of 13 benthic species, whereas nutrient enrichment 

significantly affected 11 species. When the grazing intensity is high enough however, 

they can remove most epiphytic diatoms with the exception of low profile taxa (e.g., 

Cocconies) (Dudley, 1992). For example under high grazing intensity in Montana’s 

Madison River ca. 75% of epiphytic diatoms were removed from the host (Dodds, 1991). 

 Epiphytic diatom communities are important in the food web when macroalgae 

and macrophytes are present (Cattaneo and Kalff, 1980). Some macroalgae (e.g., 

Cladophora) can be an unfavorable food source due to its chemical composition (Dodds, 
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1991), and some macrophytes may be only consumed by macroinvertebrates at the end of 

the growing season when they undergo senescence (Cattaneo and Kalff, 1980). In 

systems with a lot of the benthic surface covered by macroalgae and macrophytes 

epiphytes may sustain macroinvertebrate communities for most of the growing season 

(Cattaneo and Kalff, 1980).  

Cladophora is a common macroalgae that has been studied in many epiphytic 

diatom studies (Ferreiro et al., 2013; Furey et al., 2012; Malkin et al., 2009; Mpawenayo 

and Mathooko, 2005; Marks and Power, 2001; Benenati, 1998; Bergey et al., 1995; 

Shannon et al., 1994; Dudley, 1992; Hardwick, 1992; Moore, 1977; Jansson, 1967).  

Cladophora is distributed globally, present across a broad variety of marine and 

freshwater habitats (Dodds and Gudder, 1992). It can have a complex structure with 

many branching filaments or a simple structure depending on the environment (Bergey et 

al., 2008). Cladophora can be found as floating mats in standing water systems (i.e., 

ponds), but it typically attached to bottom substrates (e.g., rocks) in many types of 

shallow habitats (Millner and Sweeney 1982). Attached algae, including Cladophora, 

often are the most important photosynthetic species and contribute the most primary 

production activity in running water systems (Power et al., 2009). Riverine Cladophora 

growth often is highly seasonal, with rapid growth during summer (Power et al. 2009) 

and particularly during periods of low precipitation.  

Macrophytes increase the heterogeneity of benthic habitats and offer a complex 

three-dimensional habitat for epiphyte colonization. Podostemum ceratophyllum Michx. 

1803 is a riverine macrophyte that can be highly productive in shallow, swift-flowing 

riffles in the eastern United States (Hutchens et al., 2004; Hill and Webster, 1984), is 
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indicative of high quality aquatic systems (Hill and Webster, 1984; Meijer, 1976), and 

provide stable habitat for macroinvertebrate communities (Tinsley, 2012; Hutchens et al., 

2004). This macrophyte can form dense mats, increasing the stability, surface area, and 

anchoring of benthic substrates (Hutchens et al., 2004) due to the spreading configuration 

of the root-like holdfast structures (Hill and Webster, 1984). The epiphytic diatom 

communities hosted by P. ceratophyllum have not yet been quantified in the literature. 

Epiphyte communities can be shaped by the species and growth form of the host. 

In general as the habitat complexity increases there is greater epiphytic biomass (Ferreiro 

et al., 2013; Knapp and Lowe, 2009). In a study on bryophyte epiphytes, liverwort leaves 

were observed to offer little protection against scouring flow and had lower densities than 

moss (Knapp and Lowe, 2009). Other hosts, such as Cladophora, offer little protection 

from scouring flow but can have a higher density of epiphytes than more complex 

macroalgae, such as Bangia atropurpurea (Lowe et al., 1982). Sloughing of the cell wall 

causes the lower density on B. atropurpurea (Lowe et al., 1982). The density of diatoms 

on Cladophora can exceed 600 diatomsμg
-1 

dry mass (DM) of Cladophora in productive 

systems (Malkin et al., 2009).  

In some systems there tends to be an increase in diversity with increasing 

complexity due to more niche availability, but this is not always the case with epiphytic 

diatoms (Ferreiro et al., 2013; Bazzaz, 1975). Ferreiro et al. (2013) found no increased 

diversity with increasing macrophyte complexity in a nutrient rich stream.  Diatom 

diversity may be more related to colonization rates after disturbances (Marks and Power, 

2001). Early colonizers on Cladophora predominantly belong to one genus, but the 

community diversifies with time (Marks and Power, 2001).   
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Diatoms on these hosts are also going to be influenced by several abiotic factors, 

including nutrient availability, temperature, and flow. Nutrient concentrations have been 

shown to affect diatom community composition, but they have varying effects on the 

diversity ranging from no difference to highly significant differences (Frankovich et al., 

2006; Snyder et al., 2002; Marks and Power, 2001) The three nutrients that may be 

limiting to diatom productivity are nitrogen, phosphorous, and silica. The extents to 

which these nutrients limit growth differ amongst freshwater communities and species 

(Hecky and Kilham, 1988). Lange et al. (2011) found that in a 3
rd

-order, nutrient-poor 

stream benthic diatom species were affected by nitrate and phosphate additions. Eleven 

of the 13 species studied responded significantly to nitrate and phosphate treatments, 

eight of them positively and three of them negatively (Lange et al., 2011). Silica 

limitations can occur when diatom biomass is high (Malkin et al., 2008). This can result 

in decreased thickness of individual frustules within the community (Malkin et al., 2008). 

Another important environmental variable is water temperature. As temperature 

increases the general trend is for a decrease in cell volume and an increase in growth rate, 

but this has many exceptions (Montagnes and Franklin, 2008). Epiphytic diatom 

communities in the tailwaters of the Glen Canyon Dam showed a significant response to 

water temperature increasing from 12 to 18°C (Blinn et al., 1989). The 12°C water was 

dominated by Rhoicosphenia curvata and Diatoma vulgare (Blinn et al., 1989). Both of 

these species declined as water temperature increased while Cocconeis pediculus and 

Achnanthes minutissim become the dominant species (Blinn et al., 1989). The change in 

composition may have been due an increase in grazers in the warmer temperatures or a 
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physiological limitation (Blinn et al., 1989). In general, there is an increase in diatom 

diversity as the temperature increases (Smith and Manoylov, 2013).   

Flow (i.e., water velocity and discharge) can affect the composition of diatom 

communities (Biggs et al., 2002). In fast-flowing water diatom communities are 

dominated by species that are able to adhere to benthic substrates via a gelatinous 

excretion (Patrick and Reimer, 1966). Diatom biomass increases going from slow to 

moderate flow because of increased transfer of nutrients with limited scouring (Biggs et 

al., 2002). High flow conditions, however, may induce scouring and decrease biomass 

(Biggs et al., 2002). Lamb and Lowe (1987) found that diatom periphyton diversity and 

density were greater in slow flow relative to fast flow. The density in slow flow was three 

times as great due in part to vertical growth, which offers more substrate for diatoms to 

colonize (Lamb and Lowe, 1987). In general, only low profile taxa are able to withstand 

high flow while high profile and motile taxa are scoured (Passy, 2007) 

The flow of a system can also affect the diatom communities by increasing 

scouring seston (Webster et al., 1987). High flow can suspend benthic particles as well as 

introduce colluvium to a river during flood events (Webster et al., 1987). The increase in 

seston and water velocity during high flow increases the scouring of diatoms leaving 

behind only low profile taxa (Biggs et al., 2002). Flood events have been shown to 

decrease the biomass of periphyton communities (Francoeur and Biggs, 2006). Epiphytic 

communities typically have the lowest resistance to high discharge when compared to 

epilithic and epipelic communities, but they have the highest resilience (Soininen and 

Eloranta, 2004). After a flood event Soininen and Eloranta (2004) observed the epiphytic 

community return to a pre-flood state faster than the epilithic and epipelic communities. 
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The goal of this study was to quantitatively assess epiphytic diatom community 

structure in the upper Green River, Kentucky in an attempt to understand the 

community’s role in food webs. The diets of organisms in food webs are often traced 

through stable isotope analysis, but this is difficult to do for epiphytic diatoms because it 

can be problematic to separate the diatom from the host tissue (Angradi, 1994). Studying 

the community composition can give a better idea of the role of epiphytic diatoms as a 

food resource for grazers. Epiphytic community structure was quantified with density and 

diversity measures. Three questions were addressed:  

 

1) Are there differences in epiphytic diatom communities between reaches with 

increasing karst development? The upper Green River transitions longitudinally from 

a siliciclastic-carbonate basin upstream to a carbonate-dominated basin downstream. 

The downstream reaches have markedly higher nutrient levels (Penick et al., 2012). I 

hypothesized that river reaches with higher percent cover of macroalgae and 

macrophytes would have greater density and diversity of epiphytic diatoms because 

of less edge effects. The edges of clusters of macroalgae and macrophytes would be 

prone to scouring seston, leaving behind only low profiled epiphyte species with low 

community diversity. Hence, this scouring affect will limit the success of high profile 

taxa 

2) Is there a difference in diatom communities between shallow and deeper habitats? I 

hypothesized that mid-channel habitats would have lower diversity and density 

because of increased water velocity that can scour diatoms. Scouring flow may only 
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allow low profile taxa to grow and may decrease the density if the velocity is high 

enough.  

3) Is there a difference in diatom communities between hosts? The two hosts that 

were examined were Cladophora and P. ceratophyllum. These hosts offer differing 

degrees of protection due to their structure. Podostemum ceratophyllum has a more 

complex structure and therefore was expected to have greater epiphyte diversity due 

to more niche availability and protection from scouring flow. Podostemum 

ceratophyllum is also less prone to scouring than Cladophora. This was expected to 

result in less diversity on Cladophora because it was possible that only quickly 

colonizing genera were present at the time of collection. Even though Cladophora is a 

filamentous alga and offers little in the way of protection from scouring currents I 

expected it to have a greater density because it has more surface area available for 

diatoms than P. ceratophyllum of equal mass. 

 

Methods 

Study Reaches 

This study was conducted in shallow run habitats along the upper Green River, 

Kentucky, USA (Figure 1). The Green River originates in central Kentucky and flows 

west, emptying into the Ohio River in northwestern Kentucky. Four study reaches 

downstream of Green River Lake were used for this research. Two upstream reaches 

(reaches 1 and 2) were positioned in a mixed siliciclastic-carbonate landscape and are 

underlain by Fort Payne Formation and Reef, Salem, and Warsaw Limestones from the 

Upper Mississippian (Kentucky Geologic Survey, 2015). The upstream reaches were 
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positioned in a 6
th

 order section of the upper Green River. The downstream reaches were 

located in a carbonate-dominated landscape in Munfordville, KY (reach 3) and at the 

Western Kentucky University Green River Preserve (reach 4). Saint Genevieve and St. 

Louis limestones from the Upper Mississippian underlie reach 3 while St. Genevieve 

Limestone and Girkin Formation from the Upper Mississippian underlie reach 4 

(Kentucky Geologic Survey, 2015). The downstream reaches were positioned in a 7
th

 

order section of the upper Green River. Hydrologic characteristics of the study reaches 

can be found in Table 1. 

All of the study reaches had Quarternary-aged alluvium (Kentucky Geologic 

Survey, 2015). Each reach had an open canopy and a substrate that consisted of mostly 

pebbles and cobbles. In most years the most abundant macrophyte and macroalga present 

are P. ceratophyllum and Cladophora (Malloy, 2014; Penick, 2012).  

 

Field method 

At each reach all sampling was performed in a 50x15-m sub-reach with the exception of 

reach 1, which was not as wide as the other reaches. A 50 x 10-m sub-reach was used for 

reach 1. A flag was attached to a tree perpendicular to the start point at the upstream side 

of the reach to allow for the same sub-reach to be used each sampling period. The 

abundance of P. ceratophyllum and Cladophora was quantified using a percent cover line 

transact method that is commonly used to quantify the area covered by a species (Brown 

1975; Madsen 1999; Fiala et al. 2006). Percent cover of hosts was quantified along ten 

randomly generated 15-m transects in each 50-m long sub-reach in September and 

October of 2013 and 2014. Potamogeton sp. and Fontinalis sp. were also present, but 
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were not sampled because they were not common. For each transect a tape measure was 

extended perpendicular to flow. Percent cover was quantified by measuring the amount 

of Cladophora and P. ceratophyllum that was directly under the extended tape measure.  

Hosts were sampled in 1-m
2
 quadrats at 1-m (near-shore) and 7.5-m (mid-channel) 

along each transect. In reach 1 they were sampled at 1-m and 5-m. Before collection, 

depth (cm) and velocity (ms
-1

) were recorded at the 1-m and 7.5-m points or 1-m and 5-

m points depending on the reach. These measurements were recorded using a Marsh 

McBirney FLO-MATE model 2000 Portable Flowmeter. Sampling consisted of 

collecting Cladophora and P. ceratophyllum located in the 1-m
2
 quadrat, placing it in a 

Whirl-Pak bag, and then on ice for transfer to the lab. Enough host tissue was sampled to 

comprise ≥ 0.5-g of dried material. 

 

Extraction Method 

The method of diatom extraction was based on Al-Handal and Wulff (2008). Samples 

were dried for at least 48 hours at 70°C. After drying, 0.5-g of sample was placed into a 

centrifuge vial with 20-ml of 30% H2O2 for 24 hours to separate diatom frustules from the 

host. The plant tissue was first added to the centrifuge vial and then the H2O2 was added a 

few milliliters at a time. The gradual addition of H2O2 was done to prevent violent 

reactions that occurred in some samples, which resulted in tissue overflowing the vial. 

Once the entire 20-ml of H2O2 was added the cap was loosely screwed on to allow for 

pressure release. The vials were periodically inverted and lightly shaken to re-submerge 

plant tissue that was forced upward by O2
 
production in the oxidation process. To 

separate the freed frustules from the host the vials were vortexed for two bursts of ten 
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seconds and then filtered through a 500-μm sieve into a beaker. The plant tissue soaked 

in the H2O2 formed a thick mat that trapped some of the diatoms. To extract as many 

diatoms from the original sample as possible the dense mat of plant tissue was placed 

back in the vial with 20-ml of DI water. The vial was then vortexed and filtered again 

using the same method. The process of placing the plant tissue back in the vial and 

vortexing was repeated three times. Three repetitions of this process were deemed 

sufficient in obtaining the vast majority of diatoms. A fourth shaking and filtering into a 

separate beaker resulted in negligible numbers. Once separated, the frustules were boiled 

in 30% H2O2 for 15-20 min or until the solution was clear in appearance. The boiled 

samples were then poured back into a clean centrifuge vial. 

 

Counting Method 

The counting method used was based on the protocol published by the USGS 

National Water-Quality Assessment Program (Acker, 2002). 0.1-ml aliquots from each 

host were examined under a Wild M40 inverted compound microscope at 400x with 

phase contrast. A WILDCO Palmer-Maloney (P-M) counting cell was used to enumerate 

the samples. A cover slip was first placed over the reservoir perpendicular to the P-M cell 

leaving the loading chambers open to allow filling. When the cover slip was in place the 

sample was pipetted into the reservoir through one of the filling chambers. As the sample 

entered the reservoir it pushed air out through the other filling chamber, which prevented 

air bubbles from forming in the reservoir. Once the aliquot was pipetted into the chamber 

the cover slip was rotated 90
o
 to cover both the loading chambers and reservoir. All 

diatom individuals were identified to genus, which is the most practical taxonomic level 
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for quantitative counts (Saunders et al., 2012; Acker, 2002).  Diatoms were identified 

using Patrick and Reimer (1966). Although more modern guides exist, they sometimes 

lack supporting data and can be internally inconsistent (Wehr and Sheath, 2003). 

 Samples were either concentrated or diluted to fall in the range of 10–30 cells per 

field of view to make counts statistically reliable and prevent errors (Acker, 2002; Wetzel 

and Likens, 1991). The total number of diatoms that needed to be enumerated per aliquot 

to have statistically reliable results was 300 (Acker, 2002). If the sample had less than 10 

units per field of view the sample was left to settle for two days and then decanted to 

concentrate. If the sample had greater than 30 diatoms per field of view it was diluted 

with DI water. The amount removed or added was documented to calculate changes in 

the concentration.  

Fields of view were counted along transects on the P-M cell. To avoid the center 

of the P-M cell, where some clumping may occur, transects were selected in the top, 

bottom, left, or right third (Acker, 2002). Transects were started and finished 1-mm from 

the edge to avoid clumping areas (Acker, 2002). Once a starting point was established the 

horizontal stage adjustment was used to view fields at 1-mm increments. If at least 300 

diatoms were not counted along the first transect then another transect was counted using 

the same method. Once a transect was started it was finished no matter when the 300 

diatoms were counted to avoid counting bias. A tally counter was used to keep track of 

diatoms counted in each field of view. 

The number of diatoms per field of view was recorded. Fragmented diatoms that 

had at least 2/3 of their frustule present were counted. Any diatoms with less than 2/3 of 

the frustule present were not counted. Often times girdle bands break away and maintain 
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the shape of the frustule, but contain no material (Patrick and Reimer, 1966; Palmer and 

Keeley, 1900). To avoid double counting girdle bands were not counted. Diatoms that 

were only partly in the field of view were counted if at least 2/3 of the frustule was 

visible. The genera Fragilaria and Synedra were lumped together because they are 

distinguished by the ability to form filaments (Patrick and Reimer, 1966). This growth 

pattern could not be observed due to the extraction method.   

 

Statistical Methods 

All analyses were performed in R (version 2.15.1, The R Project for Statistical 

Computing, 2012). The resampling procedure script used was provided by Collyer et al. 

(2015). All hypothesis tests below had an alpha value set at 0.05. The percent cover of P. 

ceratophyllum and Cladophora were quantified for each transect in each reach. The 

proportion data was then arc-sin transformed. The raw data were not normally distributed 

according to a Shapiro-Wilk test (W = 0.87, p = 1.8 x 10 
-11

) so a non-parametric 

approach was used.  Percent cover of each host was compared between reaches using a 

one-way ANOVA randomization procedure and pairwise comparisons with 10,000 

permutations. The only assumption of this approach is independent observations. 

Comparisons were done for P. ceratophyllum with the September and October samples 

combined because it was not expected to fluctuate between months due to its slow growth 

rate and scour resistance (Argentina et al., 2010; Philbrick and Novelo, 2004). 

Comparisons for Cladophora were done between months and years because it is often 

scoured and can have rapid growth (Zulkifly et al., 2013). 



 

14 

 

The density of diatoms was calculated as the number of diatomsμg
-1

 DM of host.  

The Shannon index was used as the diversity metric. This index is commonly used when 

there is little diversity and the system is dominated by one genus (Morris et al., 2014).  

The equation for the Shannon index is as follows: H’ = -∑ pi ln pi, where pi is the 

proportion of species i.  

The first and second questions were addressed in one model. A repeated measures 

3-way factorial ANOVA was used to test for differences in diatom density and diversity 

between reaches and habitats (i.e., near-shore and mid-channel). The reaches were split 

into September and October sampling periods. A 2-way factorial ANOVA was also run 

for diatom density and diversity. September and October data were combined for the 2-

way factorial ANOVA. The assumption of normality was not met for raw or log-

transformed density (W = 0.77, p = 1.2 x10
-11

; W = 0.97, p = 0.01) or diversity (W = 

0.94, p = 9.6 x10
-5

; W = 0.95, p = 9.9 x 10
-4

) data according to the Shapiro-Wilk test of 

normality. Subsequently, a non-parametric approach via a resampling procedure and 

pairwise comparisons with 10,000 permutations was used. Main effects of the model 

were only interpreted if the interactions between main effects were not significant. Main 

effects were not interpreted if the interaction was significant because the two factors 

would be dependent upon each other in that circumstance, and interpreting them 

separately would be misleading. A simple linear regression was run to see if there was a 

relationship between water velocity and diatom density or diversity to help explain any 

differences between habitat types. A non-parametric resampling procedure with 10,000 

permutations was used for density as a function of water velocity and diversity as a 

function of water velocity.  
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To compare the communities between hosts a two-way factorial ANOVA was 

used. There was only enough Cladophora present during the October sampling period in 

reach 4 so hosts were only compared from this one sampling location and period. The 

data were not normally distributed for diversity according to a Shapiro-Wilk test (W = 

0.93, p = 0.048); however, they were normally distributed for diatom density (W = 0.95, 

p= 0.157). Despite the normally distributed density data a non-parametric resampling 

procedure with 10,000 permutations was used. A parametric procedure was not used even 

though the density data were normally distributed because the sample size was low (n = 

30) and in previous Shapiro –Wilk tests on density with greater sample sizes (n = 108) 

the data were always highly skewed. The observed normality in this case may be a 

happenstance of small sample size. 

 

Results 

Percent Cover 

There was a trend for a decrease in the percent cover of P. ceratophyllum going 

from upstream to downstream in 2013 (Figure 2). The percent cover of reach 1 typically 

ranged between 55.2 – 72.0 % (IQR) cover. This is in contrast to reach 4, which typically 

ranged between 6.4 – 16.7 % (IQR) cover. The longitudinal decrease in percent cover 

was significant stepwise going downstream except from reach 3 to 4  (p = 0.693) (Table 

2). The same pattern was observed in 2014, but the data were more variable (Figure 2). 

For example, the 1
st
 and 3

rd
 quartiles in reach 4 both increased to 9.4 – 30.4 % cover. The 

longitudinal decrease in percent cover was again significant stepwise going downstream 

except from reach 3 to 4 (p =0.710) (Table 2). 
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The percent cover of Cladophora was not significantly different between reaches 

in both 2013 and 2014. The sample sizes for these analyses, however, were very low due 

to Cladophora being continually scoured during several high flow events (Figure 

3).When Cladophora was scoured only the holdfasts remained attached to rocks. In 

September 2013, Cladophora was present along only one transect each in reaches 1 and 

2, six of the reach 3 transects, and eight of the reach 4 transects. Similarly, in October 

2013 Cladophora was also present only along one transect each in reaches 1 and 2, two 

of the reach 3 transects, yet all ten reach 4 transects. In September 2014 Cladophora was 

again present only along one transect in reaches 1 and 2, two in reach 3 transects, and one 

reach 4 transect. In October 2014 Cladophora was absent except for holdfasts on rocks. 

When Cladophora was present in reaches the percent cover was substantially lower than 

P. ceratophyllum percent cover (Figures 2 and 4).  

 

Diatom Community 

A total of 12 different genera were observed across the study reaches on P. 

ceratophyllum and Cladophora (Tables 3 and 4). Cocconeis was the dominant genus on 

P. ceratophyllum and Cladophora, comprising > 91% of the community in every reach. 

Cladophora had a greater proportion of Cocconeis in the community than P. 

ceratophyllum in the one reach that had enough data for comparison (i.e., reach 4 in 

October) (Table 4). Depending on the reach the next most abundant genus on P. 

ceratophyllum was either Navicula or Achnanthes. These genera made up 1.8–3.4% of 

the community. Navicula was more abundant in upstream reaches whereas Achnanthes 

was more abundant in downstream reaches. With the exception of Gomphonema in 
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downstream reaches, all other genera made up < 1% of the community on 

P.ceratophyllum in a given reach (Table 3). 

 

Question 1 

The 3-way repeated measures factorial ANOVA revealed that there was a 

significant interaction between reach and month for the diatom density (p < 0.001) and 

diversity (p = 0.004) models. The main effects of reach in the density model and reach 

plus month in the diversity model were significant, but were not interpreted because of 

significant interactions involving those variables (Table 5). There was an increase in 

density for September going downstream with the exception of reach 4, which was 

sampled on September 13
th

 after a high flow event (Figure 5). This high flow event had a 

peak discharge of 162,834 ls
-1

 (Figure 3). The short time between the high flow event 

and sampling (i.e., 8 days) did not give the community enough time to recover. In 

September density was at a low in reach 1 and a high in reach 3 (Figure 5). Even though 

the means increased stepwise the only significant increase occurred from reach 1 to 3 

(Table 6). Reach 2 was not significantly different from either reach 1 or 3. The decrease 

in density (17.3 diatomsμg
-1

 DM) from reach 3 to reach 4 was significant (p = 0.029). 

The density in October increased going downstream (Figure 5). The stepwise 

increase in means was significant between reaches 1 and 3, 1 and 4, and 2 and 4 (Table 

6). The interaction of month was significant because of the continued increase in density 

in reach 4 in October compared to decreased density in this same reach in September 

(Figure 4). The mean difference in reach 4 between months (32.4 diatomsμg
-1

 DM) was 

the only significant monthly difference (p < 0.001). 
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There was also a significant interaction in the diatom density 3-way repeated 

measures and 2-way factorial ANOVA’s for reach and habitat (Table 5 and 7). In both 

near-shore and mid-channel habitats there was a trend for an increase in diatom density 

going downstream. This relationship was much stronger for mid-channel habitats. In mid-

channel habitats the two upstream reaches had a significantly less dense diatom 

community than the two downstream reaches (Figure 6 and Table 9). The only significant 

difference in means for near-shore habitats was between reaches 1 and 3 (p = 0.034).   

In September the diversity increased from upstream to downstream (Figure 7). 

Both of the upstream reaches had similar means and had significantly lower diversity 

than both of the downstream reaches, which also had similar means (p < 0.001) (Table 8). 

In October the pattern was different because reach 2 had a significantly higher mean than 

every other reach (Table 6). This reach had a low sample size (n = 6) and was influenced 

by two large means that skewed the data. The interaction of month was significant for 

reach 1 and 2 (Table 6).  Both reach 1 and 2 had greater mean diversity in October 

(Figure 7). When months were pooled a similar pattern was observed. Reach 1 had 

significantly less diversity than every other reach (Table 10). Reach 2 was significantly 

less diverse than reach 3. Reaches 3 and 4 were not statistically different. 

Overall the community composition did change longitudinally along the upper 

Green River (Figure 8). Both diversity and density tended to increase going down stream. 

This does not support the hypothesis that areas with higher percent cover of P. 

ceratophyllum would have a greater diatom density and diversity. In this study the 

opposite pattern was observed indicating other factors are more important.  
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Question 2 

The 3-way repeated measures factorial ANOVA and 2-way factorial ANOVA 

also revealed that there was a significant interaction between reach and habitat for density 

(p = 0.005) but not diversity (Tables 5 and 7). The only significant mean difference 

between mid-channel and near-shore habitats for density was within reach 4 (14.6 

diatomsμg
-1

 DM) (p = 0.024) (Figure 6 and Table 12). In reach 4 there was greater 

diatom density in the mid-channel habitats (Figure 6 and Table 11) It was hypothesized 

that near-shore habitats would have a slower water velocity than mid-channel habitats 

and would therefore have a greater diatom density and diversity. Water velocity, 

however, appeared to be independent of near-shore and mid-channel habitats (Table 12).  

The simple linear regressions run on diatom density and diversity as a function of water 

velocity revealed that density and water velocity were correlated (R
2
 = 0.10, F = 11.74, p 

= 0.001). There was no relationship between diversity and water velocity (R
2
 < 0.01, F = 

0.122, p = 0.726).  

 

Question 3 

The two-way ANOVA’s comparing diatom density and diversity on P. 

ceratophyllum and Cladophora were both significant for the main effect of host (Table 

10). Habitat was significant for diversity, but was not interpreted because of the lack of 

replication and results from the previous 3-way repeated measures and 2-way factorial 

ANOVA’s that showed no relationship between habitat and diversity (Tables 5 and 7). 

The density of diatoms on Cladophora was >2X on P. ceratophyllum (p < 0.001) with a 

maximum value exceeding 140 diatomsμg
-1 

DM Cladophora (Figure 10) The diversity 
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of diatoms was significantly greater on P. ceratophyllum than on Cladophora (p = 0.012) 

(Figure 9).  

 

Discussion 

Percent Cover 

Percent cover of P. ceratophyllum was influenced by high flow events.  Summer 

and fall 2013 had several high flow events that appeared to bury P. ceratophyllum in the 

study reaches (Figure 2). The high discharge from August 29
th

 – September 3
rd

, 2013
 
that 

peaked at 162,833 ls
-1

 was one of the high flow events that contributed to the burial of P. 

ceratophyllum.  The effects of high flow events were more evident in the two 

downstream reaches. In 2012 the percent cover of P. ceratophyllum downstream was 

about equal to upstream, but in 2013 downstream cover decreased by approximately 50% 

(Malloy, 2014; Penick, 2012). Sand and pebbles were deposited where P. ceratophyllum 

was observed attached to cobbles prior to the disturbance. The trend for less P. 

ceratophyllum in downstream reaches was probably due to it being a higher order stream 

and having a larger watershed to contribute to discharge. The upstream reaches are also 

closer to the Green River Lake (Table 1). The Green River Lake dam has controlled 

water release, which helps buffer some of the flashiness of upstream reaches relative to 

downstream reaches.  

In 2014 there were not as many high flow events and they were not as intense 

(Figure 2). Percent cover was more variable in 2014 yet higher on average than in 2013. 

This suggests that the P. ceratophyllum was beginning to recover.  The full recovery of P. 

ceratophyllum will likely take a few years due to slow seed production and low dispersal 
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ability (Argentina et al., 2010). Despite the high flow events P. ceratophyllum was more 

stable in the system than Cladophora and provided a more stable substrate for diatoms. 

Cladophora was not common during the sampling periods in this study. At its 

highest it covered only 10% of a reach. This is in contrast to 2012 when Cladophora 

covered 40% of the same reach (Malloy, 2014). When Cladophora did become 

established in the river it was usually scoured soon after leaving behind only holdfasts. 

Ensminger et al. (2000) found that when water velocity exceeded 0.75 ms
-1

, Cladophora 

and other macroalgae were scoured. The mean water velocity in this study exceeded 0.75 

ms
-1 

several times during sampling periods (Table 12). In addition, between sampling 

periods and when the river was generally too high to wade it was expected that velocities 

well exceeded 0.75 ms
-1

. 

 

Diatom Community 

Cocconeis was the dominant genus present on P. ceratophyllum in every reach 

(Table 3). Cocconeis was also the dominant genus on Cladophora in reach 4 (Table 4). 

The two most common Cocconeis species observed were C. pediculus and C. placentla. 

These species are generally regarded as being epiphytic (Patrick and Reimer 1966), but 

can be found growing epilithically and epipelically (Kolayli et al, 1998). Cocconeis is a 

low profile taxa. The top valve of Cocconeis is raphiless and convex while the bottom 

valve has a raphe and is concave (Wehr and Sheath, 2003). This morphology allows them 

to fit closely to the substrate and withstand scouring flows and resist grazing (Zulkifly et 

al., 2013; Furey et al., 2012).  
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Cocconeis is commonly one of the most abundant genera in epiphytic diatom 

studies.  In a study on communities in western Kentucky and Tennessee Cocconeis was 

one of the dominant taxa in carbonate-dominated streams (Hunt and Hendricks, 2008). 

Similarly in Florida’s St. John’s River, Cocconeis was one of the most commonly 

observed genera and was the only genus found at all sites on all sampling dates (Dunn et 

al., 2008). Malkin et al. (2008) showed that Cocconeis nearly excluded every other 

epiphyte on Cladophora by the end of the growing season in Lake Ontario.  

The dominance of Cocconeis is likely due to a combination of scouring flow and 

grazing pressures. Cocconeis has been observed to be the most dominant taxon during 

medium and high velocity conditions in a 3
rd

-order California stream (Bergey et al., 

1995). They found that Cocconeis comprised ca. 86% of the epiphytic community on 

Cladophora in medium (0.16-0.27 ms
-1

) and fast (0.40-0.93 ms
-1

) flowing water. In 

other reaches with slower water velocity other genera became more abundant and 

dominated the community (Bergey et al., 1995). Near-shore and mid-channel water 

velocities recorded in the upper Green River in this study fell within their classification of 

medium or fast flowing water (Table 1).  

Grazing may have also been an important factor.  Common scrapers/grazers found 

in the upper Green River are snails (e.g., Leptoxis praerosa), mayflies (e.g., 

Maccaffertium mediopunctatum), and water penny beetles (Psephenus herricki) (Malloy, 

2014). Isotopic analyses of these grazers revealed that they were consuming biofilm on 

wood and rock. Since they were consuming biofilm and, seemingly, were also feeding on 

epiphytes then they may have contributed to the dominance of Cocconeis. In a study on 

thirteen common stream taxa, Cocconeis was the most common taxa at all grazing 
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intensities and even increased in abundance as grazing intensity increased due to its low 

profile and resistance to grazing (Lange et al., 2011). Even though Cocconeis is grazer 

resistant it can be grazed in some cases. Cocconeis has been found in the guts of midges 

in large numbers but it is largely believed to be consumed incidentally as more accessible 

diatoms are targeted (Furey et al., 2012). It could be that more high profile taxa growing 

on top of Cocconeis are able to pull off Cocconeis as they are grazed. When Cocconeis is 

the dominant genus midges consume Cladophora filaments with Cocconeis still attached 

(Furey et al., 2012). What remains unclear in this study is if it is grazing intensity or 

water velocity that is keeping many of the high profile taxa at lower abundances. 

 

Question 1 

Diatom density and diversity values revealed that there were longitudinal 

differences in diatom communities in the Upper Green River. It was hypothesized that 

reaches with greater percent cover would have greater density and diversity because of 

reduced flow within macrophytes (Dodds and Biggs, 2002), but the opposite pattern was 

observed. Mean water velocity per reach (Table 15) seemingly had no effect on diatom 

density except for reach 4 in September when flow was very high for the two weeks 

leading up to sampling (Figure 3). Water velocity within a small range will typically not 

alter the density of diatoms, but may shift the proportions of species (Bergey et al., 1995). 

The reaches in this study were all in the same river and the changes in flow patterns 

affect each reach to a similar magnitude. There also was not a pattern of increasing local-

scale velocity going downstream (Table 15). For these reasons the general trend for an 

increase in diatom density going downstream is likely due to a factor other than discharge 
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or velocity. Grazing pressure was also not likely an important factor in longitudinal 

differences in diatom density because the dominant genus in all reaches was grazer-

resistant Cocconeis (Bergey et al., 1995). Another factor that was seemingly not 

important was nutrient levels. A previous study reported increases in total nitrogen and 

total phosphates going downstream in the upper Green River, but the system overall was 

eutrophic and total nutrients were not limiting to periphyton communities (Penick et al., 

2010). 

One possible explanation is stream order and how it relates to the River 

Continuum Concept (Vannote et al., 1980).  Increases in density may have been a factor 

of a more open canopy downstream and longer exposure to photosynthetically active 

radiation (PAR) (Yang and Flower, 2012). This would fall into the realm of the river 

continuum concept where primary production increases from low order to mid order 

streams where the canopy is more open (Vannote et al., 1980). Although the downstream 

reaches in this study were only a single stream order higher than the upstream reaches 

they were about twice as wide as the upstream reaches (Table 1). The differences in PAR 

exposure time may have contributed to the higher diatom density downstream. 

The diversity of the downstream diatom community was greater than the 

community found upstream in September. In October there was not much change in 

diversity longitudinally except with reach 2. In reality the diversity of reach 2 in October 

was probably similar to the diversity of reach 1, but it was highly skewed due to a low 

sample size and two abnormally high diversity values.  

The increase in diversity downstream for September may be due to there being 

more sources of potential colonizing diatoms due to a greater number of tributaries 
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(Molloy, 1992). Similar diversity patterns were reported for nearby streams. Molloy 

(1992) reported that in two of three tributaries of the Kentucky River there were 

downstream longitudinal increases in diversity. Grazing may have played a role in the 

low diversity in the upper Green River (Bergey et al., 1995), but this is unknown because 

it was not documented in this study. Temperature is another factor that can influence 

diversity (Smith and Manovlov, 2013), but in this study the reverse pattern was observed 

based on what might be expected from temperature alone.  The downstream reaches are 

typically cooler in summer and fall months because they are more heavily influenced by 

cool groundwater. This temperature regime does not help explain the pattern of diversity 

in this study because typically diatom diversity increases with temperature (Smith and 

Manovlov, 2013).  

 

Question 2 

The only difference between near-shore and mid-channel habitats occurred in 

reach 4. Within channel differences may be attributable to differences in water velocity, 

but mid-channel and near-shore classifications are probably too encompassing. Mean 

water velocity in each habitat in the reaches does not help explain the observed patterns 

of diatom density. It would be expected that the greater mean differences in velocity 

would result in greater differences in diatom density (Biggs et al., 2002; Lamb and Lowe 

1987), but the opposite was observed. The only significant mean difference in diatom 

density had the least mean difference in water velocity (Tables 12 and 15). When 

comparing the density of diatoms simply as a function of water velocity there was a 

positive linear relationship. Biggs et al. (1998) reported similar findings where increases 
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in water velocity beyond 0.2 ms
-1

 scoured diatoms, resulting in lower density. Part of the 

reason for the decrease in diatoms with increasing flow is that it limits vertical growth 

(Lamb and Lowe, 1987). In slow water velocity (0.15 ms
-1

) epiphytic diatoms 

communities can be three times denser than communities found in fast water velocity 

(0.40 ms
-1

) due to vertical growth (Lamb and Lowe, 1987). 

 

Question 3  

Even though there was not enough Cladophora present to have replicate reaches it 

appears that there were differences in the communities present on Cladophora and P. 

ceratophyllum.  The mean density of diatoms on Cladophora was more than double that 

found on P. ceratophyllum. Much of this probably had to do with how density was 

quantified in this study. Using the number of diatoms per dry mass gave higher density 

values for Cladophora because it has a greater surface area to volume ratio. The range in 

density of diatoms on Cladophora found in this study (38 – 145 diatomsμg
-1

 DM) was 

similar to values reported in the Wylye River, England (maximum 48 diatomsμg
-1

 DM) 

(Moore, 1977). Cladophora numbers reported in a lentic system were much higher (155-

602 diatomsμg
-1

 DM) (Malkin et al., 2009). More studies have reported on the diatom 

density of Cladophora, but there have been many different methods used making 

comparisons difficult (Table 14). The P. ceratophyllum in this current study ranged from 

0.33 – 77 diatomsμg
-1

 DM (Figure 10). There have not been any other studies that have 

quantified the community composition of diatoms on P. ceratophyllum. 

The diatom diversity on P. ceratophyllum was greater than the diversity on 

Cladophora. The greater diatom diversity may have been a function of host complexity 
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and niche availability. Podostemum ceratophyllum contains various structures including 

leaves, flowers, stems, and root-like holdfasts that can function as substrates for diatoms 

(Philbrick and Novelo, 2004). Also, structures like stems and holdfasts can be rigid 

(Philbrick and Novelo, 2004) and offer protection from scouring flow on the downstream 

side. Cladophora is made up of flexible filaments (Zulkifly et al., 2013) and is less 

complex. The flexible filaments offer little protection from scouring flow (Zulkifly et al., 

2013), especially in fast currents where filaments can be fragmented (Bergey et al., 

1995). The more complex structure of P. ceratophyllum offers niches for diatoms that 

may not be able to withstand scouring flow (Bazzaz, 1975). 

The stability of P. ceratophyllum relative to Cladophora in higher water velocity 

habitats also helps explain the higher diversity on P. ceratophyllum. Podostemum 

ceratophyllum uses holdfasts to attach securely to the substrate in fast flowing water 

(Philbrick and Novelo, 2004). Cladophora is easily scoured, but is well adapted to 

recolonizing (Zulkifly et al., 2013). In the upper Green River there was about half the 

cover of Cladophora in September 2013 relative to October 2013. This suggests that at 

least half of the Cladophora in October was new growth (Figure 4). Podostemum 

ceratophyllum is slower growing and relatively stable in the environment so there was 

probably little new growth in October. (Argentina et al., 2010; Philbrick and Novelo, 

2004) This is important for diatom diversity because Cocconeis is an early epiphytic 

colonizer (Marks and Power, 2001). As time goes on Cocconeis becomes less abundant at 

the expense of other taxa (Marks and Power, 2001) so the lower diversity on Cladophora 

may be due in part to it being new growth when sampled.  
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Conclusions 

Epiphytic diatom communities in Kentucky’s upper Green River show an overall trend of 

increasing density and diversity in a downstream direction. Both Cladophora and P. 

ceratophyllum are important primary producers in this system that host dense 

communities of diatoms. It remains unclear if the diatom communities in this study are a 

significant food source for grazers.  It also remains unclear if the abundance of Cocconeis 

and overall low diversity are due to selective grazing pressure or flow scouring other 

genera. 

It is possible that grazers promote the dominance of Cocconeis by selectively 

feeding on other genera, which keeps them at lower densities. If this is the case then 

epiphytes are obviously an important food source for grazers. If flow is keeping other 

genera at low density then it is less obvious if the diatom community can support grazers. 

If flow is responsible then is it possible that non-grazer resistant taxa which make up a 

small proportion of the community are still abundant enough to support grazers because 

of high diatom density? If this is the case then it would be expected that downstream 

epiphyte communities can best support grazers because there is greater diatom density.    

Future studies should aim to see if grazing or flow is having a larger influence on 

the diatom communities in the Green River. If flow is responsible, then a gut analysis of 

common grazers may reveal if the diatom communities can support grazers despite the 

low relative abundance of non-grazer resistant taxa. It would also be interesting to see if 

at different times of the year, or in a season with less high flow disturbances, if the 

communities are more diverse and have a greater abundance of non-grazer resistant taxa.  
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Figures and Tables 

 

Figure 1: A map showing the 4 study reaches in the Green River. 



 

30 

 

  

 

 

 

 

 

 

 

 

Figure 2: Boxplots of the percent cover of P. ceratophyllum for each reach in  2013 and 

2014. September and October data were combined for both years. The boxes show the 

median and interquartile range. Whiskers are the 10
th

 and 90
th

 percentiles. Solid circles 

are outliers.  
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Figure 3: Discharge data from August through December of 2013 [top] and 2014 

[bottom]. Reach 1 and 2 are represented by the Greensburg data and reach 3 and 4 are 

represented by the Munfordville data.  The circles and squares on the x-axis indicate 

sampling days.  
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Figure 4: Boxplots of the percent cover of Cladophora for each reach in September and October of 2013 and September 2014. There 

was no Cladophora present in October 2014. The boxes show the median and interquartile range, the whiskers are the 10
th

 and 90
th

 

percentiles. Solid circles are outliers. Flat lines mean there was only one value. Boxes without whiskers have a sample size less than 

10. When there was no Cladophora there were still holdfasts present. 

3
2
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Figure 5: An interaction plot of the mean P. ceratophyllum diatom density in each reach for 

September and October. The mean density values were the same used in the resampling 

procedure. Letters indicate significance. Letters that are the same indicate no significant 

difference and letters that are different indicate significantly different. Capital letters 

correspond to September and lower case letters correspond to October. The arrow indicates 

significant differences between months.  

 

 

 

 



 

34 

 

 
 

Figure 6: An interaction plot of the mean P. ceratophyllum diatom density in near-shore 

and mid-channel habitats for each reach. The mean density values were the same used in 

the resampling procedure. Letters indicate significance. Letters that are the same indicate 

no significant difference and letters that are different indicate significantly different. 

Capital letters correspond to near-shore and lower case letters correspond to mid-channel. 

The arrow indicates significant differences between habitat types.  
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Figure 7: An interaction plot of the mean P. ceratophyllum diatom diversity in each reach 

for September and October. The mean diversity values were the same used in the 

resampling procedure. Letters indicate significance. Letters that are the same indicate no 

significant difference and letters that are different indicate significantly different. Capital 

letters correspond to September and lower case letters correspond to October. The arrows 

indicates significant differences between months.  
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Figure 8: Boxplots of diatom diversity and density in each reach. The boxes show the 

median and interquartile range, the whiskers are the 10
th

 and 90
th

 percentiles. Solid circles 

are outliers. These data are showing month and habitat types combined.  
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Figure 9: A boxplot of diatom density on Cladophora and P. ceratophyllum. The whiskers 

are the 10
th

 and 90
th

 percentiles. Solid circles are outliers. Letters indicate significance. 

Letters that are the same indicate no significant difference and letters that are different 

indicate significantly different. 
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Figure 10: A boxplot of diatom diversity on Cladophora and P. ceratophyllum. The 

whiskers are the 10
th

 and 90
th

 percentiles. Solid circles are outliers. Letters indicate 

significance. Letters that are the same indicate no significant difference and letters that are 

different indicate significantly different. 
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Table 1: Locations and characteristic of the study reaches. Temperature and discharge were calculated as the annual mean of 2013 

and 2014. 

Reach Location GPS (Lat., Long.) Distance from 

GRL (km) Channel width (m) Discharge (ls
-1

) Temperature (°C) 

1 Greensburg, KY 37.25365, -85.50200 38 40.8 30,590 ± 48,907 20.7 ± 5.2 

2 Greensburg, KY 37.25777, -85.50567 39 40.9 30,590 ± 48,907 20.7 ± 5.2 

3 Munfordville, KY 37.27102, -85.88168 130 88.1 60,284 ± 86,749 19.7 ± 5.0 

4 WKU GRP 37.24902, -86.01386 150 76.2 60,284 ± 86,749 19.7 ± 5.0 

WKU = Western Kentucky University     

GRP = Green River Preserve     

3
9
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Table 2: A pairwise comparison of the percent cover of P. ceratophyllum in each reach for 2013 and 2014. September 

and October data were combined in each year. The numbers below the diagonal are p-values and the numbers above 

the diagonal are the corresponding Euclidean distances. 

          

 2013   2014 

 1 2 3 4  1 2 3 4 

1 --------- 0.185* 0.488* 0.521*  --------- 0.195* 0.432* 0.398* 

2 0.023* --------- 0.304 0.336*  0.029* --------- 0.237* 0.203* 

3 < 0.001* < 0.001* --------- 0.033  < 0.001* 0.006* --------- 0.034 

4 < 0.001* < 0.001* 0.693 ---------  < 0.001* 0.019* 0.710 --------- 

          

*P < 0.05   

4
0
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Table 3: A list of each genus observed on P. ceratophyllum and the percentage 

of the community that they made up in each reach. The guild classifications are 

based on Passy (2007).  

  Reach 

Genus Guild 1 2 3 4 

Cocconeis Low Profile 96.7 94.3 91.6 93.1 

Navicula High Profile 1.8 2.8 1.6 1.7 

Achnanthes Low Profile 0.2 0.2 3.4 2.7 

Gomphonema High Profile 0.4 1.0 2.2 1.3 

Rhoicosphenia Low Profile 0.1 0.7 0.9 0.9 

Synedra/Fragilaria High Profile 0.5 0.5 0.1 0.1 

Nitzschia Motile < 0.1 0.4 0.1 0.1 

Cymbella Low Profile 0.1 0.2 0.1 0.1 

Diatoma High Profile 0.1 0.0 < 0.1 < 0.1 

Cyclotella Low Profile < 0.1 0.0 < 0.1 0.0 

Gyrosigma High Profile 0.0 < 0.1 < 0.1 < 0.1 

Pleurosira High profile < 0.1 < 0.1 < 0.1 < 0.1 
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 Table 4: A list of each genus observed on P. ceratophyllum and 

Cladophora and the percentage of the community that they made 

up. This table is showing data from reach 4 in October. The guild 

classifications are based on Passy (2007). 

  
Host 

 Genus Guild P. ceratophyllum Cladophora 

Cocconeis Low Profile 92.6 95.3 

Navicula High Profile 1.9 0.7 

Achnanthes Low Profile 2.8 1.7 

Gomphonema High Profile 1.4 1.4 

Rhoicosphenia Low Profile 0.9 0.8 

Synedra/Fragilaria High Profile 0.1 0.1 

Nitzschia Motile 0.1 0 

Cymbella Low Profile 0.1 < 0.1 

Diatoma High Profile < 0.1 < 0.1 

Gyrosigma High Profile < 0.1 0 

Pleurosira High profile 0 < 0.1 
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Table 5: Results of the 3-way repeated measures factorial ANOVA’s for diversity and density of 

diatoms on P. ceratophyllum 

Independent Variable Diversity (Shannon Index) Density (diatomsμg
-1

 DM) 

 F P F P 

Reach 35.20 <0.001* 14.72 <0.001* 

Month 22.41 0.007* 5.61 0.081 

Habitat 10.60 0.068 0.32 0.674 

Reach × Month 32.46 <0.001* 8.00 0.004* 

Reach × Habitat 1.10 0.795 7.48 0.005* 

Habitat × Month 1.06 0.556 0.27 0.711 

Reach × Habitat ×Month 0.91 0.834 2.78 0.210 

     

*P < 0.05     

 

 

  

4
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 Table 6: A pairwise comparison of the significant interaction between month and reach for diatom density on P. 

ceratophyllum. The numbers below the diagonal are p-values and the numbers above the diagonal are the corresponding 

Euclidean distances. N/A indicates not of interest.  

 

           

  September  October 

  1 2 3 4  1 2 3 4 

S
ep

te
m

b
er

 1 ---------- 6.25 15.51* 1.76  0.13 N/A N/A N/A 

2 0.299 ---------- 9.26 8.01  N/A 3.42 N/A N/A 

3 0.008* 0.130 ---------- 17.27*  N/A N/A 2.38 N/A 

4 0.829 0.317 0.029* ----------  N/A N/A N/A 32.41* 

           

O
ct

o
b
er

 

1 0.983 N/A N/A N/A  ---------- 2.96 18.02* 30.78* 

2 N/A 0.694 N/A N/A  0.730 ---------- 15.06 27.81* 

3 N/A N/A 0.724 N/A  0.008* 0.092 ---------- 12.75 

4 N/A N/A N/A <0.001*  <0.001* 0.003* 0.068 
---------- 

           

*P < 0.05    

4
4
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 Table 7: Results of the 2-way repeated measures factorial ANOVA’s for diatom diversity and density 

on P. ceratophyllum 

Independent Variable Diversity (Shannon Index) Density (diatomsμg
-1

 DM) 

 

F (P) F (P) 

Reach 15.82 < 0.001* 10.73 < 0.001* 

Habitat 2.43 0.187 0.01 0.957 

Reach * Habitat 0.23 0.926 3.83 0.030* 

     *P < 0.05     

4
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Table 8: Mean (± 1 S.D.) of diversity and density of diatoms on P. 

ceratophyllum for each reach in September and October. 

Month Reach 
Diversity 

(Shannon) 
Density (diatomsμg

-1
 DM) 

S
ep

te
m

b
er

 1 0.10 ± 0.04 5.67 ± 5.65 

2 0.15 ± 0.09 11.92 ± 13.60 

3 0.42 ± 0.10 21.19 ± 18.68 

4 0.43 ± 0.14 3.91 ± 2.27 

    

O
ct

o
b
er

 

1 0.23 ± 0.09 5.55 ± 5.98 

2 0.63 ± 0.25 8.51 ± 16.56 

3 0.35 ± 0.11 23.57 ± 18.61 

4 0.35 ± 0.10 36.32 ± 22.17 
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Table 9: A pairwise comparison of the significant interaction between month and reach for diatom diversity on P. 

ceratophyllum. The numbers below the diagonal are p-values and the numbers above the diagonal are the corresponding 

Euclidean distances. N/A indicates not of interest.  

           

  September  October 

  1 2 3 4  1 2 3 4 

S
ep

te
m

b
er

 1 ---------- 0.049 0.320* 0.334*  0.130* N/A N/A N/A 

2 0.426 ---------- 0.272* 0.286*  N/A 0.486* N/A N/A 

3 <0.001* <0.001* ---------- 0.014  N/A N/A 0.074 N/A 

4 <0.001* <0.001* 0.855 ----------  N/A N/A N/A 0.080 

           

O
ct

o
b
er

 1 0.029* N/A N/A N/A  ---------- 0.405* 0.117 0.125 

2 N/A <0.001* N/A N/A  <0.001* ---------- 0.288* 0.279* 

3 N/A N/A 0.290 N/A  0.099 0.002* ---------- 0.008 

4 N/A N/A N/A 0.343  0.052 0.002* 0.910 ---------- 

           

*P < 0.05       

 

4
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Table 10: A pairwise comparison of diatom diversity in each 

reach. The numbers below the diagonal are p-values and the 

numbers above the diagonal are the corresponding Euclidean 

distances 

      

  
Reach 

  
1 2 3 4 

R
ea

ch
 

1 ---------- 0.123 0.234 0.223 

2 0.012* ---------- 0.110 0.099 

3 < 0.001* 0.034* ---------- 0.011 

4 < 0.001* 0.075 0.824 ---------- 

 
          

*P < 0.05    
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Table 11: Mean (± 1 S.D.) for diversity and density of diatoms on P. ceratophyllum 

in near-shore and mid-channel habitats. These values are for September and October 

combined.  

Reach Habitat Diversity (Shannon) Density (diatomsμg
-1

 DM) 

1 
Near Shore 0.17 ± 0.10 6.83 ± 7.05 

Mid Channel 0.15 ± 0.08 4.94 ± 5.85 

2 
Near Shore 0.31 ± 0.19 19.03 ± 18.15 

Mid Channel 0.24 ± 0.27 5.61 ± 6.82 

3 
Near Shore 0.39 ± 0.12 17.99 ± 16.52 

Mid Channel 0.38 ± 0.11 19.04 ± 10.32 

4 
Near Shore 0.40 ± 0.10 18.64 ± 16.43 

Mid Channel 0.36 ± 0.14 33.21 ± 28.00 
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Table 12: A pairwise comparison of the significant interaction between habitat and reach for diatom density on P. 

ceratophyllum. The numbers below the diagonal are p-values and the numbers above the diagonal are the corresponding 

Euclidean distances. N/A indicates not of interest. 

           

  Near  Mid 

  1 2 3 4  1 2 3 4 

N
ea

r 

1 ---------- 11.27 13.64* 8.08  3.59 N/A N/A N/A 

2 0.125 ---------- 2.37 3.19  N/A 13.19 N/A N/A 

3 0.034* 0.756 ---------- 5.55  N/A N/A 1.94 N/A 

4 0.274 0.697 0.467 ----------  N/A N/A N/A 17.62* 

           

M
id

 

1 0.544 N/A N/A N/A  ---------- 1.68 19.17* 29.30* 

2 N/A 0.084 N/A N/A  0.802 ---------- 17.50* 27.62* 

3 N/A N/A 0.773 N/A  0.002* 0.009* ---------- 10.12 

4 N/A N/A N/A 0.024*  <0.001* <0.001* 0.146 ---------- 

                     

*P < 0.05       

5
0
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Table 13: Results of the 2-way factorial ANOVA for diversity and density of diatoms on P. 

ceratophyllum and Cladophora.  The comparison indicates which host had a greater density or 

diversity value for significant effects.  

Independent Diversity (Shannon Index) Density (diatomsμg
-1

 DM) 

variable F P F (P) 

Host 9.09 0.012* 74.15 <0.001* 

Habitat 8.17 0.018* 15.33 0.053 

Host × Habitat 0.03 0.883  0.19 

      

*P < 0.05   5
1
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Table 14: A list of other studies that quantified the density of diatoms on Cladophora glomerata. 

Location Habitat Density Citation 

Ontario, CAN Lake Diatomsµg
−1

 dry mass C. glomerata Malkin et al. (2009) 

California, U.S.A. Stream EpiphytesC. glomerata cell
−1

 Marks and Power (2001) 

Arizona, U.S.A. Stream Cellsg
-1

 AFDM of C. glomerata Benenati (1998) 

California, U.S.A. Stream Cellsmm
-1

 of C. glomerata Bergey et al. (1995) 

Arizona, U.S.A. Stream Cellsg
-1

 wet mass of C. glomerata Shannon et al., (1994) 

California, U.S.A. Stream Cellsmm
-2 

of C. glomerata Dudley (1992) 

Arizona, U.S.A. Stream Cellscm
–2 

of C. glomerata basal attachment Hardwick et al. (1992) 

Longbridge Deverill, ENG Stream Diatomsµg
−1

 dry mass C. glomerata Moore (1977) 

Stockholm, SWE Marine Cellsmm
-1

 of C. glomerata Jansson (1967) 

5
2
 



 

53 

 

 Table 15: Mean (± 1 S.D.) discharge and water velocity for each reach in September and October. Discharge was 

recorded for the two upstream reaches combined and for the two downstream reaches combined. Water velocity was 

recorded on sampling days and is presented as mean per reach and habitat. 

Month Reach Discharge Velocity (ms
-1

)  Habitat Velocity (ms
-1

) 

S
ep

te
m

b
er

 

1 

8,355 ± 4,703 

0.94 ± 0.21 
Near 0.81 ± 0.16 

Mid 1.06 ± 0.19 

2 0.32 ± 0.15 
Near 0.38 ± 0.14 

Mid 0.27 ± 0.15 

3 

26,845 ± 31,591 

0.75 ± 0.16 
Near 0.71 ± 0.19 

Mid 0.78 ± 0.12 

4 0.86 ± 0.11 
Near 0.82 ± 0.12 

Mid 0.90 ± 0.09 

      

O
ct

o
b
er

 

1 

11,854  ± 17,805 

0.49 ± 0.21 
Near 0.36 ± 0.14 

Mid 0.62 ± 0.18 

2 0.46 ± 0.16 
Near 0.53 ± 0.13 

Mid 0.39 ± 0.15 

3 

20,709 ± 18,384 

0.37 ± 0.22 
Near 0.26 ± 0.21 

Mid 0.48 ± 0.18 

4 0.49 ± 0.20 
Near 0.58 ± 0.20 

Mid 0.40 ± 0.16 

5
3
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