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Synopsis 

Benthic algae are largely present within a polysaccharide matrix called ‘biofilm’ where 

they coexist as a community with heterotrophs such as bacteria, fungi and other organic 

matter that attaches to substrates. In upland stream ecosystems, benthic algae serve as a 

basal food source in riverine food webs and immobilise nutrients from the water column 

via the processes of assimilation and remineralisation. From a conservation biodiversity 

perspective, upland benthic algal assemblages are not only a biodiversity hot spot for 

rare, endangered and endemic freshwater species but also a source of propagules for 

downstream reaches. 

Diatoms (Division Bacillariophyta) are the most abundant and diverse taxonomic group 

commonly dominating the benthic algal communities in upland streams, and are major 

contributors to primary productivity providing a particularly high quality food source 

compared to other benthic algal taxa and terrestrial matter. The quantity and quality of 

benthic diatoms as food sources for consumers in streams change spatially and 

temporally can cause resource shortages and dietary shifts in consumers which, in turn, 

track these changes to the upper food webs consumers and the benthic food web 

patterns. Despite their ecological importance and previous study by taxonomists and 

ecologists world-wide, patterns of benthic diatom taxonomic composition and their 

underlying factors are largely unexplored in Australian subtropical upland river 

ecosystems. Therefore, identification of the biodiversity, distribution and abundance of 

diatom taxa that sustain river food webs, is of fundamental importance in understanding 

how rivers function as ecosystems. 

Given the ecological importance of benthic algal communities, the objective of this 

thesis was to investigate mechanisms driving the responses of freshwater biofilm 

biomass and diatom community composition to physical and chemical variables in the 

Bremer, Logan and Albert catchments in South-east Queensland. Fundamental to this 

thesis is the development and testing of a conceptual model of benthic algal community 

in upland streams with disturbance (flow), resources availability (nutrient and light) and 

stressors (conductivity, pH and turbidity) as the three major physicochemical forces of 

the model. A combination of spatial and temporal observational surveys and in-stream 

nutrient enrichment experiment were undertaken to test the suitability of the conceptual 

model across disturbance, resource and stressor gradients.  
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Firstly, spatial patterns in benthic algal community structure were examined across 

three catchments during base flow condition, with an emphasis on relating the spatial 

hierarchical interrelationships among ultimate and proximate environmental drivers. 

The overall spatial difference observed in the benthic algal community was 

predominantly driven by proximate environmental drivers, which in turn were affected 

by ultimate drivers. However, no single proximate environmental factor could be 

identified as the dominant driver of benthic algal community composition. Flow 

conditions across the sites were largely driven by the wet-dry flow gradient that exists 

from east to west in the study area.  Increasingly flow velocity acted as a drag force, 

controlling both biofilm biomass and influencing occurrence of diatom taxa. Nutrients 

and light were considered the limiting resources structuring biofilm biomass and the 

relative abundance of diatoms. The gradients in stressors such as water conductivity and 

pH also played significant roles in shaping the distribution of diatom taxa. 

Secondly, the effect of flow on temporal variability in benthic algal communities was 

examined over an eight-week high flow variability period, with an emphasis on relating 

the multi-scale effects of short-term flow regime, long-term flow regime and associated 

changes in local water chemistry (nutrient resources and stressors). A short-term 

increase in flow magnitude was the predominant driver of temporal variation in the 

benthic algal communities during the study period. In particular, diatom species showed 

instant response to increase in flow velocity in which low-profile taxa dominated the 

communities during high flow period. Biofilm biomass, diatom richness and diversity 

were less sensitive than diatom species to change in velocity but had stronger response 

to a range of high flow events in the period up to 30 days prior to any given sampling 

occasion. Long-term flow regime and dissolved nutrient concentrations shaped the pre-

event diatom community pattern across sites which determined the site-specific 

community resistance during high flow events. Moreover, the result demonstrated that 

variation in resistance to flow disturbances can, in part, be explained by attachment 

strength of algal taxa and growth form. 

The effects of nitrogen (N) and phosphorus (P) enrichment on benthic algal 

communities were investigated further by conducting in-stream nutrient diffusing 

substrate experiment in high and low ambient nutrient sites. N seems to be the primary 

limiting nutrient across sites regardless of the ambient nutrient concentrations. In 

general, enrichment relieved nutrient limitation, favouring fewer eutrophic species and 
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promoted dominance in the community, especially in low ambient nutrient sites with 

more oligotrophic species in the species pool. Therefore, low ambient nutrient sites are 

potentially more susceptible to enrichment compared with high ambient nutrient sites 

because of greater changes in nutrient concentrations in the overlying water. Moreover, 

nutrient generalists seem to have higher occurrence among treatments than nutrient 

specialists. 

The results of this thesis show that the conceptual model is a valid representation of the 

benthic algal community in the subtropical upland streams, and is also likely to be valid 

for lowland systems. This thesis has shown that proximate factors (local) conditions are 

more important drivers of benthic algal community than ultimate (regional) factors. The 

relative importance of disturbance, resources and stressors in controlling biofilm 

biomass and diatom community composition alternated in space and time. The effects 

of nutrient concentrations, light and flow were equally important in the base flow 

condition while increased flow magnitude was the dominant driver of the community in 

high flow variability period. The gradients in stressors including conductivity and pH 

also played significant roles in shaping the distribution of diatom taxa.  

This study highlighted the importance of species-based assessments of responses to 

nutrient enrichment, as the bulk biofilm biomass responses are quite different from 

those at the species level. Moreover, the usefulness of diatom biological traits aids in 

creating a more quantitative and predictive approach to establishing relationships 

between diatoms and environmental gradients. These mechanisms should allow 

environmental managers to select appropriate benthic algal attributes that are likely to 

be sensitive to specific environmental changes, to minimise uncertainties associated 

with the multiple responses of benthic algal community, to meet management and 

monitoring goals. 
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Chapter 1 General introduction 

 

1.1 Benthic algal communities in upland streams 

The benthic algae are a highly diverse group of autotrophs attached to any substrate in 

aquatic systems (Biggs, 1996; Graham, Graham & Wilcox, 2009). Benthic algae include 

both prokaryotic cyanobacteria and eukaryotic protists which are physiologically 

autotrophic and photosynthetic. They are largely present within a polysaccharide matrix 

called ‘biofilm’ or ‘periphyton’ where they coexist as a community with heterotrophs 

such as bacteria, fungi and other organic matter that attaches to substrates (Geesey et 

al., 1978; Lock et al., 1984; Wetzel, 2001). Biofilm communities tend to be dominated 

by autotrophic benthic algae in high light environments, whereas heterotrophs dominate 

in low light environments (Stevenson, 1996a).  

In stream ecosystems, differences in the abundance of benthic algae can occur between 

upland streams and lowland rivers (Biggs, 1996). In upland systems characterised by 

small stream size, fast flowing shallow channels and high levels of substrate diversity, 

the benthic algal community is the major contributor to primary productivity (Biggs, 

1996) and these communities represent the major basal food source in food webs 

(Mulholland et al., 2000; Finlay, 2001; Bunn, Davies & Winning, 2003). This strong 

consumption pressure and high turnover rates of biomass can result in low benthic algal 

standing stocks in these systems (Lewis et al., 2001; Delong & Ganf, 2006). From a 

conservation biodiversity perspective upland benthic algal assemblages are not only a 

biodiversity hot spot for rare, endangered and endemic freshwater species but also a 

source of propagules for downstream reaches (Huryn et al., 2005; Meyer, 2007; Meyer 

et al., 2007). However, in the lowland sections of rivers, characterised by slow flowing 

open water habitats, only a narrow margin of the stream bed and riverbank can support 

benthic algal communities.  

Benthic algal communities in upland streams are commonly dominated by the diatoms 

(Division Bacillariophyta), often comprising more than 80% of the total abundance and 

biovolume (Carpenter & Waite, 2000; Stelzer & Lamberti, 2001; Wellnitz & Rader, 

2003) and representing the major contributor to primary productivity (Bellinger & 

Sigee, 2011). Diatoms are unicellular algae with a distinctive cell wall composed of 
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biogenic silica (Round, Crawford & Mann, 1990). Benthic diatoms are also 

taxonomically diverse with more than 100 000 species (Round et al., 1990; Mann & 

Droop, 1996; Norton, Melkonian & Andersen, 1996) from over 900 validly published 

genera (Fourtanier & Kociolek, 1999). Other major Divisions typically present in 

filamentous form in benthic habitats include Chlorophyta (green algae), Cyanophyta 

(blue-green algae) and Rhodophyta (red algae) (Biggs, 1996; Stevenson, 1996a; 

Carpenter & Waite, 2000). 

 

1.2 Roles of benthic algae in upland streams 

Benthic algae play multiple essential roles in stream ecosystems (Stevenson, Bothwell 

& Lowe, 1996; Graham et al., 2009).  During the process of photosynthesis, they fix 

inorganic carbon to organic carbon which subsequently serves as a basal food source in 

riverine food webs (Lock et al., 1984; Hansson, 1992; Pusch et al., 1998). Benthic algae 

can enter food webs through direct consumption by benthic algivores (Lamberti & 

Moore, 1984; Lamberti, 1996) or as drifting benthic algae captured by organisms that 

filter the water column (Barnese & Lowe, 1992). As well as fixing carbon into biomass, 

benthic algae can play a significant role in nutrient cycling, by immobilising nutrients 

from the water column via the processes of assimilation and remineralisation 

(Mulholland, 1992; Covich et al., 2004). Therefore, biofilm communities in upland 

streams represent a hot spot for ecological functioning (Lamberti, 1996; Gücker & 

Pusch, 2006; Teissier et al., 2007).  

The role of benthic algae (a dominant form of autochthonous carbon) as an important 

food source supplied to upland stream food webs is under debate, with the traditional 

view suggesting the input of terrestrial matter (allochthonous carbon) to be of greater 

importance to aquatic systems (Fisher & Likens, 1973; Hynes, 1975). This view has 

been based primarily on the comparatively low autochthonous production rates in 

upland streams, due to limited light availability, and the high inputs of allochthonous 

carbon from adjacent riparian vegetation (River Continuum Concept (RCC) (Vannote et 

al., 1980)). Studies of invertebrate mouthparts and gut contents analyses in upland 

streams have also supported the importance of allochthonous over autochthonous 

sources (Gregory, 1983; Lamberti & Resh, 1983; Hicks, 1997). However, localised 

features of habitats such as riparian canopy cover can often interrupt the RCC model 
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(Pringle et al., 1988; Benda et al., 2004) with shade adaptation by benthic algae evident 

in low light habitats (Hill, Ryon & Schilling, 1995). Gut content analysis can also 

underestimate the importance of soft and highly digestible food items and overestimate 

that of recently consumed items (Graeve, Dauby & Scailteur, 2001; Latyshev et al., 

2004). 

Recently, stable isotope and fatty acid analyses have emerged as advanced tools to 

estimate the contribution of potential food sources to higher trophic levels in river 

ecosystems (Fry, 2006; Arts, Brett & Kainz, 2009). Most of these studies suggest that 

benthic algae are more important food sources in rivers than previously recognised 

(Mulholland et al., 2000; Finlay, 2001; Bunn et al., 2003; Douglas, Bunn & Davies, 

2005). Moreover, various benthic algal taxa have distinctive fatty acid composition, and 

are considered to be much higher quality food sources than terrestrial matter owing to 

their lower C:N and C:P ratios (Frost et al., 2002) and higher protein and lipid content 

(Torres-Ruiz, Wehr & Perrone, 2007; Kelly & Scheibling, 2012). Within the benthic 

algal community, benthic diatoms are particularly high quality food sources containing 

high proportions of essential fatty acids (Brett & Muller-Navarra, 1997; Torres-Ruiz et 

al., 2007). Green algae have been found to represent moderate food quality while 

cyanobacteria are generally considered to be a poor quality food source (Brett & 

Muller-Navarra, 1997; Kelly & Scheibling, 2012). 

The quantity and quality of benthic algae as a food source for consumers has been 

shown to change spatially and temporally in response to environmental factors such as 

flow, nutrients and light (Torres-Ruiz et al., 2007; Hadwen, Spears & Kennard, 2010b; 

Jardine et al., 2012). Such spatial and temporal dynamics can cause resource shortages 

and dietary shifts in consumers which have, in turn, consequences for higher consumers 

and the functioning of aquatic food webs (Kelly & Scheibling, 2012). Several studies 

have shown that benthic algal food sources can remain qualitatively important for 

consumers even when their quantities are small (Kendall, Silva & Kelly, 2001; Richoux 

& Froneman, 2007). For example, the development and reproduction of 

macroinvertebrates requires certain dietary elements such as protein and lipid content 

that can only be produced by benthic algae (Anderson & Cummins, 1979; Lamberti, 

1996). Given these roles of benthic algae in stream ecosystems, it is important to 

understand the spatial and temporal patterns of benthic algal distribution (i.e. taxonomic 

composition) and abundance (i.e. biomass). Identification of the biodiversity of benthic 
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algae, in particular the high food quality diatom taxa that sustain river food webs, is of 

fundamental importance in understanding how rivers function as ecosystems.  

 

1.3 Theoretical background and benthic algal conceptual models  

1.3.1 A community ecology framework: From deterministic to explicit 

stochastic models 

The ‘Trophic Cascade Model’ states that each trophic level of a food web is directly 

controlled by the trophic levels above and below (Hairston, Smith & Slobodkin, 1960; 

Carpenter, Kitchell & Hodgson, 1985). This classical deterministic model emphasises 

the interaction between resources (bottom-up control) and predation (top-down control) 

pressures and the influences they have on community composition. In the benthic algal 

community, the bottom-up control that mediates algal biomass accrual is determined by 

the availability of nutrients and light (Hill et al., 1995; Biggs, 2000a; Hill et al., 2011), 

which are basal resources essential for growth and metabolism. Grazing by invertebrates 

and fish provide the top-down control (McCormick, 1996; Steinman, 1996) leading to 

algal loss, while intra- and inter-specific competition for resources drive niche 

diversification within the community (Lange et al., 2011). Despite the substantial value 

of these deterministic equilibrium models, many researchers have recognised that they 

do not capture the role of stochastic forces in controlling ecological patterns and 

processes.   

Studies of disturbances as stochastic forces, rather than deterministic forces (i.e. 

bottom-up and top-down), have become central themes in stream ecology since the 

1980s (reviewed by (Stanley, Powers & Lottig, 2010). Disturbance studies such as the 

intermediate disturbance hypothesis (IDH (Connell, 1978)), the concept of resistance 

and resilience (Webster et al., 1983) and a synthesis paper by Resh et al. (1988) laid the 

foundation to explicitly view disturbance as one of the fundamental forces influencing 

temporal variability in ecological patterns and processes. In terms of the benthic algal 

community, disturbances affect the temporal heterogeneity of benthic algae by 

influencing the processes of community development and recovery (Stevenson, 1997). 

In broad terms, disturbances, defined as unpredictable extreme events, can be 

categorised into physical and chemical disturbances which include hydraulic forces, 
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substrate movement and exposure to extreme chemical conditions (White & Pickett, 

1985; Lake, 2000). Knowing the duration, frequency and intensity of disturbance events 

can aid in the prediction of ecological responses; and, disturbances have been 

distinguished between stressors on the basis of the strength and duration of the 

disturbing force. In Stevenson (1997), disturbance is defined as a short-term event 

occurring in a period of relatively stable conditions, while stressors generally focus on 

long-term exposure to a specific physicochemical setting in natural systems. Extreme 

hydrological disturbances (high flow and/or low flow) are the major disturbance forces 

investigated in benthic algal studies (Stevenson, 1996b; Hart & Finelli, 1999; Biggs, 

Nikora & Snelder, 2005). On the other hand, water quality variables such as pH, 

conductivity, temperature and turbidity are commonly categorised as stressors in 

benthic algal studies (Larned, 2010).  

 

1.3.2 Benthic algal conceptual models of Stevenson (1997) and Biggs et al. 

(1998)  

In the last two decades, benthic algal ecologists have adapted both deterministic and 

stochastic ecological models to explain the generalised fundamental forces controlling 

ecological patterns and processes in streams, particularly with respect to benthic algae. 

Specifically, two broad conceptual frameworks were proposed by Stevenson (1997) and 

Biggs, Stevenson and Lowe (1998b) to explain the spatial and temporal heterogeneity of 

benthic algal community structure and functioning.  

Stevenson (1997) introduced the ‘Scale-Dependent Hierarchical Model’ (hereafter 

referred to as the hierarchical model) to illustrate hierarchical interrelationships among 

ultimate, intermediate and proximate environmental determinants of benthic algal 

communities at various spatial and temporal scales (Figure 1.1). In the hierarchical 

model, ultimate variables (e.g. climate, geology and land use) and intermediate 

variables (e.g. flow stability, biotic stressors) operate at a broad spatial and long 

temporal scales that determine the potential range of proximate variables (e.g. resources 

and abiotic stressors), indirectly controlling benthic algal communities (Stevenson, 

1997). Proximate variables operating at local and short time scales directly affect the 

ability of algae to survive and reproduce. The spatial patchy distribution of habitats 

creates discontinuities in space which interrupt the linear perspective embodied in the 
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RCC (White & Pickett, 1985; Townsend, 1989; Wu & Loucks, 1995), just as short-term 

disturbances and long-term stressors create discontinuities in time (Network dynamic 

hypothesis  (Benda et al., 2004)). 

 

 

Figure 1.1 The conceptual model of Stevenson (1997) describing the hierarchical 

interrelationships among ultimate, intermediate and proximate determinants of benthic 

algal community. From Stevenson (1997).  

 

 

Tests of Stevenson’s hierarchical model have demonstrated the capacity of the model to 

explain the spatial and temporal variation in benthic algal communities and reinforce the 

view that benthic algal heterogeneity can be predicted on the basis of the hierarchical 

nature of environmental factors. Generally, proximate variables are viewed to 

consistently play the most important role in structuring benthic algal communities in 

rivers (reviewed in Larned (2010). However, Snyder et al. (2002) applied Stevenson’s 

model to determine the mechanisms behind observed short-term patterns of benthic 

diatom assemblages in large rivers, and recognised ultimate factors are more important 
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than proximate variables. Recently, Potapova and Charles (2002) and Soininen (2007) 

examined how the relative importance of proximate and ultimate variables differed with 

study scale. As expected, the importance of ultimate variables increased with increasing 

study scale (Soininen, 2007). Therefore, ultimate variables should strongly influence 

benthic algal communities on a continental or regional scale while proximate variables 

should play the most important role at the local scale. 

The ‘Periphyton Habitat Matrix Model’ developed by Biggs et al. (1998b), is based on 

the work of Grime (1977) on herbaceous vegetation, and proposes that periphyton 

communities in unshaded streams are structured by a two-dimensional physical habitat 

matrix describing habitat types by combinations of disturbance and resources (Figure 

1.2). Grazing is a further factor that influences the outcome of the interactions of 

disturbance and resource supply. It is suggested that benthic algal taxa have evolved 

strategies or distinctive biological traits that determine their success in a particular 

habitat of the habitat matrix. These strategies are the competitive strategy (C), stress-

tolerant strategy (S) and the ruderal strategy (R).  

 

 
Figure 1.2 The conceptual model of Biggs et al. (1998b) describing the two-

dimensional physical habitat matrix based on the gradients in disturbance and resource 

of periphyton. Three benthic algae strategies (C-S-R) associated with the habitat 

variables and the hypothesised biomass gradient are shown in the matrix. From Biggs et 

al. (1998b).  
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In the framework of C-S-R functional groups proposed by Biggs et al. (1998b), benthic 

algal taxa are distinguished by attachment modes, cell size and life-history mechanisms. 

C taxa can maximise production in low disturbance and high resource environments 

with their larger cell size and slower growth. S taxa are most competitive at low 

disturbance and low resource environments due to their slow growing strategy. R taxa 

are early colonists that can establish in high disturbance habitats owing to their small 

cell size and fast growth nature. Passy (2007) essentially maintained the resource-

disturbance gradient approach of Biggs et al. (1998b) and classified three diatom 

ecological guilds to provide useful ecological insight about the structure, architecture 

and development of benthic diatom communities.  

 

1.3.3 A modified conceptual model of benthic algae in streams  

The understanding of Stevenson’s hierarchical model can be summarised in a general 

conceptual model (Figure 1.3) that is simplified into ultimate and proximate scales 

based on whether or not environmental factors directly affect algae. Specifically, 

climate, geology and human activities are ultimate variables determining the potential 

range of proximate variables, indirectly controlling benthic algal communities over 

larger and longer scales. A range of physical (i.e. substrata, flow, light and turbidity), 

chemical (i.e. in-stream water nutrients, pH and conductivity) and biological (grazers) 

variables are then classified into four proximate fundamental forces, namely 

disturbances, resources, stressors and biotic interactions that directly influence 

benthic algal communities (Figure 1.3). Moreover, Biggs’s periphyton model suggests 

fundamental mechanisms for the interaction between disturbance and resources and the 

resultant composition and biomass of the periphyton community. The following section 

focuses on how these four proximate fundamental forces directly influence the structure 

of benthic algal communities. 
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Figure 1.3 Conceptual diagram of the hierarchical interrelationships among ultimate 

variables and proximate variables affecting the benthic algal community. The relative 

scale is shown on the left. Oval boxes represent the responses of benthic algal 

community to four fundamental forces (rounded cap shaded boxes). Matter and energy 

flow is connected by lines with arrows indicate processes (Solid lines indicate direct 

processes; Dashed lines indicate indirect processes; and Dotted lines indicate 

interactions). 
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1.3.3.1 Resistance to flow related disturbances  

Disturbance can be defined as “any relatively discrete event in time that disrupts 

ecosystem, community, or population structure and changes resources, substrate 

availability, or the physical environment” (White & Pickett, 1985). Hydrological 

disturbances, which occur in all stream ecosystems, often reset benthic algal succession 

by removing biomass and clearing substrate for new colonisation (Hart & Finelli, 1999; 

Biggs et al., 2005). Benthic algal responses to disturbance events are, therefore, 

dependent on the physiognomic, taxonomic, attachment strength, and physiological 

properties of the community (Wellnitz & Rader, 2003, Tang, Niu & Dudgeon, 2013). 

During scour events, benthic algae are dislodged by shear stress and/or entrained 

sediment particles (Peterson & Stevenson, 1989). Most disturbance events do not result 

in complete removal of benthic algae but leave tightly adherent adnate taxa after events 

(Peterson, Hoagland & Stevenson, 1990). These taxa that persist through disturbance 

would dominate the assemblages after a scour event and the cleared patches will then be 

quickly colonized. Pioneer species are often diatoms, followed by filamentous green 

algae and then by blue-green algae, although the succession of species can vary 

depending on the environmental conditions (Sekar et al., 2002; Wellnitz & Rader, 

2003). For example, in flow regulated river systems, long-term stability in water levels 

have been shown to promote cyanobacteria and filamentous green algal growth, 

highlighting the consequences for benthic algal communities under more stable 

conditions (Sheldon & Walker, 1997). 

Flow disturbances may modify reach scale habitat characteristics and substrate types, in 

turn influencing the distribution of benthic algae (Pringle et al., 1988; Burkholder, 

1996; Townsend & Gell, 2005). The physical stability of substrata is a major factor 

influencing the biomass and composition of benthic algae (Peterson, 1996). Bedrock is 

the most stable substrata, remaining stationary through scouring events while other 

substrates (i.e. sand and fine sediment) are the most unstable substrates and are likely to 

be the first to be shifted by flow events. Given the importance of flow disturbances, the 

biological traits of algae such as size and growth forms have been used to assess their 

attachment ability (Burkholder & Cuker, 1991; Cattaneo et al., 1997; Passy, 2007). 

Whilst some larger and more sessile benthic algae are habitat generalists or incidental 

colonizers of various living and nonliving surfaces, others demonstrate more specialized 

substratum preferences (Uehlinger, 1991; Sabater, Gregory & Sedell, 1998). As a result 
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of this substrate specificity, the effects of substrate type on community composition 

needs to be incorporated into benthic algal research. Stevenson and Bahls (1999) 

suggested a targeted-habitat sampling approach to minimize the heterogeneity of the 

algal community within the stream. 

 

1.3.3.2 Competition for nutrients and light resources 

The influence of nutrients on benthic algal communities is one of the long-standing 

topics of research in aquatic ecology (Borchardt, 1996; Francoeur et al., 1999; 

Hillebrand, 2002). Most studies have found that nutrient enrichment leads to an increase 

in algal biomass, especially in headwater streams with relatively low ambient nutrient 

concentrations (Greenwood & Rosemond, 2005; Elsdon & Limburg, 2008; Veraart et 

al., 2008). However, some studies have detected no biomass response to increased 

nutrient concentrations (Humphrey & Stevenson, 1992; Hillebrand & Kahlert, 2002). 

These variable responses have been explained away on the basis of differences in 

ambient nutrient concentrations, the level of enrichment and the duration of exposure 

(Elsdon & Limburg, 2008).  

In addition to the broad studies examining benthic algal response to nutrient enrichment, 

it is also known that different benthic algal taxa have specific nutrient requirements 

(Lange-Bertalot, 1979; Round, 1981; Fairchild, Lowe & Richardson, 1985; Stevenson 

et al., 1991). Algal metrics such as nutrient guilds (Carrick, Lowe & Rotenberry, 1988), 

pollution classes (Bahls, 1993), trophic states (Van Dam, Mertens & Sinkeldam, 1994) 

and trophic index (Kelly & Whitton, 1995) were developed for assessing nutrient 

enrichment in flowing waters. In general, low nutrient concentrations favour N2-fixing 

taxa, such as diatoms in the family Epithemiaceae (Fairchild et al., 1985; Grimm & 

Fisher, 1986) and nitrogen-fixing cyanobacteria (Fairchild et al., 1985), while high 

nutrient concentrations favour the growth of filamentous green algae (Biggs & Kilroy, 

2000). However, algal community composition and species richness has not been 

observed to vary consistently in response to nutrient enrichment (Rosemond, 1993; 

Sonneman et al., 2001; Biggs & Smith, 2002).  These results suggest that factors other 

than nutrients could be more important in determining community level changes and 

that these factors and their influence on composition may not necessarily be predictable 

(Borchardt, 1996).  
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Light is one of the key additional factors known to influence benthic algal communities. 

Significantly, before light reaches algal cells in the benthic zone, it must first pass 

through the riparian canopy which leads to a reduction in light intensity of up to 95%, 

which can be great enough to modify the algal community in the benthic zone (Hill et 

al., 1995; Hill, 1996). The shading effects of riparian vegetation are most pronounced in 

headwater streams because the canopy of adjacent trees can completely overhang the 

water body (RCC, Vannote et al. (1980)). High light availability favours more algal 

production, measured as higher algal density and chlorophyll a concentration, when 

other resources (such as nutrients) are also available (Mosisch, Bunn & Davies, 2001; 

Sekar et al., 2002). Increases in light availability also tend to influence the structural 

composition of algal communities, favouring larger-celled or stalked diatom taxa that 

have a competitive advantage for light acquisition (Hansmann & Phinney, 1973; Hudon 

& Bourget, 1983; Bixby et al., 2009). On the other hand, taxa that can tolerate low light 

conditions are likely to resist the stresses of light deprivation and outcompete taxa with 

higher light requirements (Peterson, 1996). However, in a laboratory study that 

delivered a relatively small change in light intensity to algal cells, researchers observed 

differences in algal species composition without any change in biomass or primary 

production (Villeneuve, Montuelle & Bouchez, 2010). This maintenance of biomass and 

the level of primary production can be explained by a shade adaptation phenomenon in 

which specific algal taxa increase their efficiency of photosynthesis when the light 

intensity is limited (Hill, 1996).  

 

1.3.3.3 Tolerance to stressors – pH, Conductivity and Turbidity 

Separating disturbances and stresses highlights the fact that disturbance is a relative 

term in the context of periphyton generation times and rates of community succession 

(Larned, 2010). Stressors are, therefore, distinct from disturbances on the basis of the 

strength and duration of their pressure, as they represent a longer term exposure of 

physicochemical conditions to benthic algal communities (Larned, 2010). Algal 

communities are structured by the background chemical conditions, such as pH and 

conductivity, of the water in which they live (Biggs, 1990; Lowe, 1996; Parker & 

Huryn, 2011). Variation in these chemical factors can occur naturally and may depend 

on ultimate variables such as geology, climate variation and human activities. In 

addition, human modifications of chemical parameters can also be quite significant, as 
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evidenced by the number of studies that have examined the effect of acidity on benthic 

algae resulting from acid mine runoff (Niyogi, McKnight & M., 1999; Zalack, Smucker 

& Vis, 2010). 

 

1.3.3.4 Biotic interactions 

Competition is a biological force which can also determine the taxonomic composition 

of benthic algal communities (McCormick, 1996). Inter- and intra-specific competition 

exists within benthic algal communities as algal species rely on the same resources (i.e. 

nutrients and light). Most algal species exhibit a broad environmental niche, but vary in 

their ability to acquire the resources as a result of specific physiological and 

morphological adaptations (Round, 1981). The physiological and biological traits of 

diatom species have been used to provide a useful basis for predicting the competitive 

interactions in benthic algal communities (Hoagland, Roemer & Rosowski, 1982; 

Round et al., 1990; Passy, 2007). The using of such ‘functional’ traits of different 

diatom assemblages facilitates the inclusion of algal metrics in studies examining broad 

scale patterns in community ecology (McGill, 2006; Passy, 2007).  

Direct consumption of algae by grazers represents a top-down control leading to algal 

loss (Stewart, 1987; Rosemond, 1993; Gressens & Lowe, 1994; Burns & Walker, 2000). 

Some grazers not only reduce algal biomass, but also influence algal taxonomic 

composition due to the fact that they preferentially consume specific algal species 

(Steinman, 1996). For example, Burns and Walker (2000) found that Paratya 

australiensis displayed a preference for some benthic algal groups which resulted in a 

reduced biomass of cyanobacteria and diatoms and enhanced green algal growth. 

Although grazers tend to decrease biomass, they increase nutrient availability from 

excretion. This indirect feedback mechanism stimulates and enhances benthic algal 

productivity and thus promotes higher turnover rates (Mulholland et al., 1991; 

Hillebrand & Kahlert, 2002). 
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1.3.3.5 Interactions between fundamental forces 

In many experimental studies of benthic algae, environmental variables have been 

shown to separately or jointly affect the biomass and composition of benthic algal 

communities (Rosemond, 1993; Francoeur, 2001; Hillebrand, 2002; Rier & Stevenson, 

2002; Yang, Tang & Dudgeon, 2009). However, the effects of all variables in 

combination with indirect effects and feedback processes which occur in natural stream 

habitats are incredibly complex, so the outcomes in field settings are sometimes quite 

different from the demonstrated effects of single factors in controlled experiments. For 

example, interactions between nutrient availability and grazer consumption can be 

mediated by flow. When velocity increases, the turbulent flux reduces the thickness of 

the boundary layer around biofilms which increases nutrient uptake and efflux of waste 

products (Odum, Finn & Franz, 1979; Biggs & Close, 1989; Borchardt, 1996; Biggs, 

Goring & Nikora, 1998a). High flow velocity can also injure and displace grazers that 

utilize algae as a food resource, reducing their capacity to exert grazing pressure on 

algae (Matthaei, Arbuckle & Townsend, 2000). Therefore, interactions between 

multiple environmental variables can influence other variables of the system, which in 

turn ultimately determine the biomass, productivity and composition of the benthic algal 

community. 

 

1.4 Benthic algal studies in Australia 

In Australia, early studies of benthic algae used taxonomic composition and biomass to 

quantify spatial and temporal variation in temperate stream ecosystems (Chessman, 

1985; Chessman, 1986; Chessman, Hutton & Burch, 1992) and dryland river waterholes 

(McGregor, Marshall & Thoms, 2006). A diatom index for temperate Australian rivers 

was developed at the genus level (Chessman et al., 1999) and later at the species level 

(Philibert, et al, 2006; Chessman et al., 2007). In Western Australia, diatoms have been 

use as tools for assessing rivers and streams health (John, 1998; John, 2000a; John, 

2000b). These works underpin diatom research in Australia and provide a good 

foundation for future diatom study. After that, studies have used diatoms to assess the 

ecological consequences of human disturbances in stream environments, such as 

urbanization (Sonneman et al., 2001), heavy metal pollution (Falkenhayn, 2007), 

salinisation (Taukulis, 2007) and flow modification (Mascarenhas, 2009). These studies 

have tended to focus on diatom responses to specific anthropogenic stressors. However, 
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diatoms have not been widely integrated into monitoring and assessment programs in 

Australia and several obstacles remain before they can be widely used. For instance, 

there is presently no quantitative information on diatom geographic distribution, spatial 

and temporal dynamics and their relationships to natural environmental conditions in 

many Australian river systems, especially those in tropical and subtropical regions.  

In subtropical South-East Queensland (SEQ), early studies of the benthic algal 

community used biomass as a response variable to examine how flow disturbance and 

grazing influence algal standing stocks (Mosisch, 1995; Mosisch & Bunn, 1997). In 

three and a half years of monitoring, reductions in algal biomass were observed as a 

direct result from high flow discharge events and, to a lesser extent, invertebrate 

grazing. Mosisch’s research also examined the relative importance of light and nutrient 

resources on algal biomass accrual using artificial nutrient diffusing substrates (Mosisch 

et al., 1999; Mosisch et al., 2001) and concluded that light was the over-riding factor 

controlling biomass accrual in the study streams, with nutrients playing a relatively 

minor role.  

Later, researchers focused on the functions and ecosystem processes of benthic algae, as 

well as possible surrogate measurements of benthic algal biomass in response to 

catchment disturbance. Since 2000, direct measurements of benthic algal gross primary 

production and respiration have been used as an indicator of river health in the South-

East Queensland based Ecosystem Health Monitoring Program (EHMP, 2005). In this 

program, high production and respiration rates indicate highly degraded habitats (Bunn, 

Davies & Mosisch, 1999; Udy et al., 2001b; Fellows et al., 2006). Similarly, benthic 

denitrification rates showed a strong positive linear relationship with catchment 

disturbance gradients (Udy et al., 2001a; Udy et al., 2006). Moreover, the amount of 

algal biomass present in a stream does not necessarily relate to the rate of the stream’s 

metabolism, as the standing crop of algae present in a stream is the result of an 

interaction between the net primary production and the number and activity of grazing 

invertebrates, in addition to the influences of other factors like flow and water chemistry 

(Udy et al., 2001b). Despite evidence suggesting that rates and processes are important, 

the quantification of algal biomass is still suggested as an indicator, and as a useful 

surrogate for the more technically difficult measurement of metabolism and nutrient 

cycling processes (Udy et al., 2001b). 
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More recently, researchers have studied the cellular nutrient contents and stable isotope 

signatures of benthic algal communities to better understand their role as a food source 

supporting food webs in SEQ streams (Hadwen et al., 2010a; Hadwen et al., 2010b; 

Tsoi, Hadwen & Fellows, 2011). Hadwen et al. (2010b) found that benthic algae are 

more important food sources in subtropical SEQ streams than had previously been 

recognised, similar to findings from Australian rivers in the arid zone (Bunn et al., 

2003) and the wet-dry tropics (Douglas et al., 2005).  

To date, there have been studies examining the influence of disturbance, resources, 

stressors and biotic interactions on benthic algal biomass, metabolism, nutrient cycling 

and cellular nutrient contents in SEQ. However, there have been no studies examining 

the species diversity and composition of benthic algal communities in SEQ streams. 

Despite their ecological importance and previous investigations by taxonomists and 

ecologists world-wide, patterns of algal taxa distributions and their underlying factors 

remain largely unexplored. As a result, spatial and temporal patterns of benthic algal 

taxonomic composition have not been adequately incorporated into food web studies or 

river health monitoring programs. 

The South-East Queensland experience reflects the state of the research in this area 

throughout Australia, with the use of benthic algal taxonomic composition having 

received surprisingly little attention in ecological studies and biological assessments 

(Marchant, Norris & Milligan, 2006). This is in stark contrast to other parts of the 

world, with many benthic diatom indicators being developed and used in monitoring 

programs in North America (Potapova & Charles, 2007; USGS, n.d.), Europe (Van 

Dam et al., 1994; Kelly et al., 1998; Rott, Pipp & Pfister, 2003; EC, n.d.), Japan 

(Watanabe, Asai & Houki, 1988) and New Zealand (Biggs, 2000b; Biggs & Kilroy, 

2000). In addition to a lack of taxonomic understanding, the absence of regional 

knowledge makes it unclear as to whether the benthic algal ecological relationships 

developed in other countries can be applied without modification in Australia. 
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1.5 Research objectives and testable hypotheses 

The overall objective of this study was to improve our understanding of community 

dynamics of benthic algae in subtropical upland streams in SEQ, Australia. In this 

thesis, benthic diatom taxonomic composition has been used to characterize the 

occurrence, frequency and relative abundance of diatom species co-occurring at a given 

time and place (Figure 1.4). Moreover, biofilm biomass was measured to quantify mass 

of organic matter in the biofilm matrix. In this study, ash-free dry mass (AFDM) was 

used to quantify the combined autotrophic and heterotrophic biomass while chlorophyll 

a (Chl a) was used to quantify autotrophic (benthic algal) biomass (Figure 1.4).  

In terms of environmental variables, this project focussed on the effect of 

physicochemical drivers on benthic algal communities. A conceptual model was 

developed, based on Figure 1.3 presented earlier in this Chapter, specifically to 

highlight the aims of the research presented in this thesis (Figure 1.5).  Disturbance is 

defined in terms of spatial and temporal variations in hydrology and hydraulic habitat, 

while resources are defined in terms of nutrient (nitrogen, phosphorus) and light 

availability. Stressors predominantly focused on conductivity, pH and turbidity.  

 

Figure 1.4 Conceptual diagram of the benthic algal attributes used in this thesis. 
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Figure 1.5 Conceptual diagram of the ultimate and proximate variables affecting the 

benthic algal community - with text in brackets representing the research focus for the 

following chapters (Spatial survey, Temporal survey and Nutrients enrichment 

experiment). Oval boxes represent responses of benthic biofilm and diatom community 

to three fundamental forces (rounded cap shaded boxes). Matter and energy flow is 

connected by lines with arrows indicate processes. The relative scale is shown on the 

left. 

 

 

To achieve the stated aim of the project, a combination of observational surveys and 

field-based experimental manipulations were undertaken to investigate major patterns in 

benthic diatom species taxonomic composition and biofilm biomass. Specifically, the 

spatial survey (S, Figure 1.5) aimed to examine the relative importance of various 

proximate variables (i.e. disturbance, resources and stressors) and ultimate variables 

(i.e. climate and geology), and their influences on the spatial variability of benthic algal 

communities. This work was conducted across a broad range of sites, in natural systems 

during a period dominated by base flow conditions. In contrast, the temporal survey (T, 

Figure 1.5) aimed to determine the role of flow disturbance in shaping the temporal 
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changes in benthic algal communities during a comparatively variable flow period. This 

research also examined the associated changes in nutrients resources and stressors in 

response to flow events. Finally, the nutrient enrichment experiment (N, Figure 1.5) 

aimed to investigate the potential impact of N and P enrichment on benthic algal 

communities at sites with different ambient nutrient environments. There were three 

hypotheses relating to these elements of the project, all relating to the conceptual 

models of Stevenson (1997) and Biggs et al. (1998b) presented earlier in Section 1.3.2. 

 

Hypothesis 1: Spatial and temporal heterogeneity of benthic algal communities is 

controlled by complex interactions among multiple factors that operate at many spatial 

and temporal scales which are ordered hierarchically. Specifically: 

Hypothesis 1a: Ultimate variables play a relatively important role in structuring 

benthic algal communities at the regional (i.e. catchments) scale.  

Hypothesis 1b: Proximate variables play a relatively important role in structuring 

benthic algal communities at the local (i.e. stream reach) scale. 

 

Hypothesis 2: Benthic diatom species which possess similar biological traits will 

survive and persist in similar environmental conditions, although the actual species in 

these environments may differ. 

 

Hypothesis 3: Biofilm and benthic algal biomass (i.e. AFDM and Chl a) in streams is a 

function of resource availability and disturbance. Specifically:  

Hypothesis 3a: Sites with high resource availability (i.e. nutrients and light) will 

have greater biomass than sites with low resource availability.  

Hypothesis 3b: Sites with low disturbance characteristics (i.e. low flow variability) 

will have greater benthic algal biomass than sites with high disturbance 

characteristics. 
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1.6 Thesis structure 

This thesis is structured to reflect the broad objectives outlined in Section 1.5. It 

includes a review of the scientific literature concerning benthic algal communities and 

presents the research questions and findings.  

Chapter 1 contains an overview of benthic algal communities in stream ecosystems. 

The review starts with a description of the importance of the benthic algal community in 

stream ecosystems, a definition of benthic algae and its attributes, and a review of 

benthic algal studies in Australia. This is followed by a review of the major factors and 

multiple interactions that ultimately control algal community composition, production, 

biomass and succession. This provides the background for the three research chapters 

that follow (Chapters 3, 4 and 5).  

Chapter 2 provides detailed characteristics of the three study catchments and the study 

sites within the catchments. 

Chapters 3, 4 and 5 are the research chapters that address the specific research 

questions. Each chapter provides details of the methods that were used to answer each 

question, including information regarding sampling design, collection methods, 

laboratory analysis and data analysis. Chapter 3 examines the spatial variation in 

benthic algal communities across three catchments in South-East Queensland, with an 

emphasis on relating patterns in benthic algal communities to the major environmental 

drivers identified in Figure 1.5. Chapter 4 examines the temporal variation in benthic 

algal communities, and the associated variability in environmental drivers, in a subset of 

the sites studied in Chapter 3. Following on from the spatial and temporal chapters, 

Chapter 5 presents the results of an in-stream nutrient enrichment experiment exploring 

benthic algal response to increased nutrient availability.  

Chapter 6 is a synthesis of the findings presented in Chapters 3, 4 and 5, including the 

likely mechanisms of benthic algal responses to environmental factors and the 

performance of benthic algal attributes as indicators of ecological change. It concludes 

with a discussion of the potential applications of the research findings and the provision 

of a conceptual framework of the benthic algal community dynamics in subtropical 

streams.  
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Chapter 2 Characteristics of study area 

 

2.1 South-East Queensland  

The South-East Queensland (SEQ) region contains important aquatic ecosystem assets, 

including Moreton Bay which has RAMSAR listed sites and marine parks in Australia 

(Bunn & Simth, 2007). The residential population in this region has increased by around 

one million people in the last 25 years (SEQRP, 2009). Substantial population growth is 

expected to continue to occur over the next two decades (SEQRP, 2009). As a result, 

the impacts of anthropogenic activities on receiving waters promise to continue to 

increase in the future. Numerous studies have highlighted concerns around population 

growth and land use development in the region as significant stresses on riverine and 

estuarine ecosystems (Mackay, 2007; Stewart-Koster et al., 2009; Tsoi et al., 2011; 

Sheldon et al., 2012).  

The SEQ region has a subtropical climate with average annual temperature ranges from 

15.0 to 25.9°C (Climate statistics of Logan City Water Treatment Plant from Bureau of 

Meteorology between 1992 to 2012) (BOM, 2013). About 70% of the annual 

precipitation occurs in summer (October to March), often characterised by high 

intensity, short duration rainfall events, with winter (April to September) being the dry 

season (Figure 2.1). On a year-to-year basis, precipitation may fluctuate widely, with 

floods and droughts being a characteristic feature of the climatic regime of South-East 

Queensland (Figure 2.1). 

 

2.2 The Bremer, Logan and Albert catchments  

This study was conducted within the Bremer, Logan and Albert catchments in the 

southern part of SEQ (Figure 2.2). The three study catchments are adjacent to each other 

and all drain into Moreton Bay. The Bremer catchment covers an area of 2031 km
2 

with 

a stream network length of 4425 km, the Logan catchment covers an area of 3076 km
2 

with a stream network length of 5486 km, while the Albert catchment covers an area of 

786 km
2 

with a stream network length of 1691 km.  
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Figure 2.1 Monthly mean rainfall at Logan city water treatment plant weather station 

(latitude: 27.68 °S and longitude: 153.19 °E) between years 1992-2012. 

 

 

The three catchments provide various ecosystem values and habitat for wildlife. Three 

National Parks are located along the upper catchment boundaries of each of the three 

catchments; Mt Chinghee, Mt Barney and Lamington, respectively. The diversity and 

extent of riparian vegetation (Kingston et al., 1996), wetlands (Greenway & Kordas, 

1994) and mangrove (Quinn, 1993) habitats in these catchments suggest that they 

support significant quantities of regional biodiversity. Moreover, these catchments have 

been monitored over the past 12 years as part of one of the most comprehensive 

ecosystem health monitoring programs in Australia (EHMP, 2005). Streams in these 

three catchments are also well-studied in terms of hydrology (Arthington & Lloyd, 

1997) and nutrient and carbon processing and food webs (Hadwen et al., 2010a). 

However, no studies of benthic algal communities have been undertaken in any of these 

catchments. 

 

2.2.1 Upland streams across the three catchments 

Headwaters are defined as the first-, second- and third-order streams (Vannote et al., 

1980; Meyer et al., 2007), while a diverse range of stream types with relatively low 
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stream order, small stream width and/or small drainage basins are also included within 

this general term (Clarke et al., 2008). In Australia, many first- and second-order 

streams are ephemeral  (McMahon & Finlayson, 2003). Furthermore, in SEQ, most 

headwater streams flow seasonally or intermittently, with some channels remaining dry 

for extended periods, and only a few spring-fed streams flow year-round (Abal, Bunn & 

Dennison, 2005). To accommodate this flow variability, and to use sites that were not 

likely to dry up completely during the study period, the research focus of this study was 

on third-order cobble-based upland streams with similar physical attributes such as 

channel width, depth and altitude.  

Across the three catchments, twenty two wadeable (water depth was less than 50 cm) 

upland stream reaches, with channel widths less than 10m were selected to be part of the 

study (Figure 2.2, Table 2.1). Sites were situated between 150 to 320 m above sea level 

with a drainage basin area < 100 km
2
 (determined by quantifying the upstream sub-

catchment area from analysis of Australian Hydrological Geospatial Fabric (Geofabric) 

data (Collins & Weber, 1978) in the three catchments (Table 2.1). One exception to this 

rule of thumb (site B21), was situated at 93m above sea level, with a drainage basin area 

of 132 km
2
. To avoid a significant geographic gap in the spatial extent of the study, B21 

was still included in the data analysis (because all accessible headwater, i.e. higher 

elevation, streams in that area of the Bremer catchment were dry during the sampling 

period).  

The selected twenty two stream reaches stretched across a region of around 140 km in 

length from east to west. Sites were chosen to cover a range of riparian canopy covers 

(Table 2.1) to capture spatial variability in light resource availability as one of the key 

environmental drivers identified in Figure 1.4 (site photos can be seen in Appendix A). 

For the purpose of clarity in the Discussion, all sites were given a code name. Site 

numbers are arranged in order from east to west with catchment abbreviation (Figure 

2.2).  
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Figure 2.2 Map of study sites in the Bremer, Logan and Albert catchments, South-East Queensland, Australia, where benthic algal samples 

were collected during 2009 to 2011. 
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Table 2.1 Summary of site characteristics and sampling sites in each chapter. N.B. Site numbers are renamed in Chapter 5.  

Site characteristics   Sampling 

Code Catchment Site Name Rock type Longitude Latitude 
Altitude Width Drainage area Canopy cover Ch3 Ch4 Ch5 

(m) (cm) (km2) (%)       

A1 

Albert 

Canungra Alluvium 153.11840 -28.11235 187 9.5 (0.1) 74.6 5 (0) √ 
  

A2 Stockyard Basalt 153.04567 -28.19083 175 4.3 (3.2) 85.3 40 (42.4) √ 
  

A3 Left hand branch Alluvium 153.05400 -28.21238 202 1.9 (1.0) 33.7 5 (0) √ 
  

A4 Lost world Basalt 153.10180 -28.26089 241 2.5 (1.8) 19.6 30 (0) √ √ √ 

L5 

Logan 

Widgee Arenite-mudrock 153.07676 -28.26963 176 1.9 (0.4) 11.6 5 (0) √ 
  

L6 Christmas Basalt 153.08433 -28.29300 312 3.0 (0.3) 21.3 17.5 (10.6) √ √ √ 

L7 Chinghee Alluvium 152.98812 -28.26393 151 3.4 (0.6) 24.9 27.5 (24.7) √ 
  

L8 Running Alluvium 152.99055 -28.31973 252 12.5 (5.7) 48.3 5 (0) √ √ 
 

L9 Camp Basalt 152.88162 -28.29157 209 2.6 (0.3) 4.6 92.5 (3.5) √ 
  

L10 Tartar Alluvium 152.86595 -28.27590 158 1.4 (0.3) 13.0 77.5 (10.6) √ 
  

L11 Palen Alluvium 152.83941 -28.24858 171 2.1 (0.4) 97.1 7.5 (3.5) √ 
 

√ 

L12 Logan Arenite-mudrock 152.73412 -28.27977 234 5.5 (2.8) 42.0 65 (7.1) √ 
  

L13 Mt Barney Alluvium 152.74194 -28.23734 178 3.0 (0.0) 87.6 90 (7.1) √ √ 
 

L14 Burnett Alluvium 152.60358 -28.22872 240 4.3 (1.8) 70.9 75 (7.1) √ 
  

L15 Teviot Brook Arenite-mudrock 152.54189 -28.20401 273 1.7 (0.1) 32.8 57.5 (10.6) √     

B16 

Bremer 

Reynolds Alluvium 152.51747 -28.10396 194 6.5 (0.0) 45.3 35 (7.1) √   √ 

B17 Wild Cattle Alluvium 152.51729 -28.10393 209 4.5 (0.7) 45.3 75 (0) √ 
  

B18 Coulson Alluvium 152.49187 -28.05998 166 7.5 (0.7) 50.6 70 (7.1) √ 
  

B19 Gap Alluvium 152.45428 -27.98717 157 2.8 (0.4) 59.6 5 (0) √ 
  

B20 Warrill Alluvium 152.43412 -27.98802 199 4.5 (2.8) 19.9 77.5 (3.5) √ 
  

B21 Bremer Alluvium 152.50951 -27.83156 93 1.5 (0.0) 132.6 47.5 (3.5) √ 
  

B22 Moran Alluvium 152.43598 -27.68053 151 2.5 (0.0) 16.3 50 (0) √     
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2.2.2 Hydrology and ground water 

The three adjacent catchments have a wet-dry gradient from east to west with average 

annual precipitation of 1097 mm in the east (Figure 2.3) and 856 mm in the west 

(Figure 2.3) (BOM, 2013). This is due to the region’s elevation and juxtaposition with 

the coast. In general, the most eastern catchment (Albert) receives much higher rainfall 

than the most western (Bremer) catchment. In terms of ground water, the Logan-Albert 

catchments had a major groundwater recharge in the upland section which contributes to 

base flow (Please, Watkins & Bauld, 1997). These spatial patterns of hydrology and 

ground water have implications in terms of the flow regime occurring across the 

catchments.  

 

 

 

Figure 2.3 Monthly mean rainfall at the Logan catchment (East - latitude: 27.68 °S and 

longitude: 153.19 °E) between years 1992-2012 and the Bremer catchment (West - 

latitude: 27.63 °S and longitude: 152.71 °E) between years 1941-2012. 
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2.2.3 Geology and vegetation 

The geology of the study catchments was evaluated using the Arc View software 

package. Three dominant rock types were present in the upper catchments (Figure 2.4), 

namely: (1) Alluvium - alluvium deposits occur adjacent to stream channels throughout 

the catchments; (2) Arenite-mudrock - sedimentary rocks dominating the western side 

of the catchments which included sandstones with shale, siltstone and coal seams; and 

(3) Basalt - tertiary volcanic rocks that dominate the eastern side of the catchments 

forming hard bedrock. Tertiary basalts are associated with gravels or clays and can only 

be eroded very slowly by rivers which feature stream channels with boulders, cobbles 

and gravels with relatively little sand. The soils of the region are closely associated with 

the parent rock material (Beckmann, 1967).  Riparian vegetation is dominated by 

species of the genera Eucalyptus, Casuarina and Callistemon (personal observation). 

 

 

Figure 2.4 Geology map of the Bremer, Logan and Albert catchments with site 

locations marked. 
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2.2.4 Land use 

The three catchments have similar land uses, with changes occurring along the 

longitudinal profile of streams and rivers. As mentioned earlier, the upper catchments 

all lie in forest reserves. The headwaters are under National Park and State Forest tenure 

and these areas are relatively pristine. As such these areas are expected to have limited 

influence from human activities, so water quality is predominantly influenced by natural 

processes. In the middle of all three catchments the major land use is cattle grazing, 

although there are patches of intensive agriculture and rural residential development. 

Much of the lower catchments, well downstream of the study sites, have been cleared 

for urban and rural residential developments.  

Land use of the twenty two sites was determined using Statewide Landcover and Trees 

Study (SLATS) data from 1999 (Department of Environment and Resource 

Management, Queensland Government, Brisbane, Australia). All study sites were 

located in relatively natural environments, predominantly in the extensive cattle grazing 

areas (Figure 2.5). Choosing sites with similar land uses essentially controlled the 

variation between land uses and their potential impacts on the stream environments and 

enabled the assessment of the role of the natural wet-dry (east-west) gradient in flow 

and the variable light availabilities across the three catchments. 
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Figure 2.5 Land use map of the Bremer, Logan and Albert catchments with sites 

locations marked. 

 

2.2.5 Reach scale habitats characteristics 

For the purposes of this study, samples have benthic algae have been grouped into 

different habitats by substratum type (e.g.  bed rock, cobbles, sand, plants) (Burkholder, 

1996; Stevenson & Bahls, 1999) and hydraulic units (e.g. riffle, run, pool) (Carpenter & 

Waite, 2000) at the reach scale. To improve precision of algal community 

characterisation, and to reduce variability associated with different substratum types, the 

type of algal community sampled was restricted to that of epilithic algae on cobbles, as 

cobbles (diameter ranged between 65mm to 256mm) were present at all sites. Other 

substrates like sand (epipsammic algae), submerged plants (epiphytic algae), wood 

(epidendric algae) and mud/silt (epipelic algae) were not present at all sites. In order to 

control for the effects of hydraulic habitats, all epilithic algal samples were collected 

from riffles that experience relatively fast flows. By controlling for substrate and 

hydraulic habitat effects the role of three fundamental forces (i.e. disturbance, resources 

and stressors) on benthic algal community attributes could be examined. More detailed 

explanation of sampling design and collection methods are presented in Chapters 3, 4 

and 5. 
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Chapter 3 Spatial patterns of benthic diatom community 

composition and biofilm biomass in subtropical upland streams 

and relationships to environmental variables 

 

3.1 Introduction 

Benthic algal communities are the dominant primary producers in many stream 

ecosystems. In upland streams, benthic algae are the major contributors to primary 

productivity (Biggs, 1996) and are important food sources in food webs (Mulholland et 

al., 2000; Finlay, 2001; Bunn, Davies & Winning, 2003; Douglas, Bunn & Davies, 

2005). Specifically, benthic diatoms (Bacillariophyta) are the dominant taxonomic 

group, often comprising more than 80% of the total abundance (Carpenter & Waite, 

2000; Stelzer & Lamberti, 2001; Wellnitz & Rader, 2003). This group represents  a 

particularly high quality food source which contains high proportions of essential fatty 

acids (Brett & Muller-Navarra, 1997; Torres-Ruiz, Wehr & Perrone, 2007). 

Understanding the spatial variability in the abundance (i.e. biomass) and biodiversity 

(i.e. taxonomic composition) of benthic algae, in particular diatom taxa, that sustain 

river food webs is, therefore, of fundamental importance in understanding how rivers 

function as ecosystems.  

Spatial variability in benthic algal communities is structured by the hierarchical 

interrelationships among ultimate and proximate environmental variables (Biggs & 

Gerbeaux, 1993; Stevenson, 1997) (see Figure 1.5). In other words, the assembly 

process of local benthic algal communities passes through a series of nested ‘filters’ that 

influence the probability of survivorship for the present algal taxa. Ultimate variables 

operate at broad spatial scales as ‘indirect environmental filters’ which determine the 

potential range of the proximate variables (and the range of taxa present), thereby 

indirectly controlling the spatial pattern of benthic algal communities (Biggs et al., 

1990; Stevenson, 1997). For example, climate and geology are ultimate variables which 

determine the potential range of proximate physicochemical variables such as flow, 

nutrient, conductivity and pH (Figure 3. 1). 
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Figure 3. 1 Conceptual diagram of the hierarchical interrelationships among measured 

ultimate and proximate variables that influences spatial pattern of benthic algal 

community. The relative scale is shown on the left. Oval boxes represent responses of 

benthic algal community to three fundamental forces (rounded cap boxes). Relationship 

is connected by lines with arrows indicate processes.  

 

A number of publications have stressed that ultimate variables control historical 

biogeographical events such as diatom dispersal and speciation (Mann & Droop, 1996; 

Potapova & Charles, 2002; Soininen, 2007). The view is based on an argument that 

unicellular diatoms have restricted dispersal ability that would exhibit biogeographical 

patterns (Kociolek & Spaulding, 2000) (c.f. cosmopolitan view that diatoms can 

disperse freely world-wide (Krammer & Lange-Bertalot, 1986; Krammer & Lange-

Bertalot, 1988; Krammer & Lange-Bertalot, 1991a; Krammer & Lange-Bertalot, 

1991b). Therefore, ultimate variables also act as ‘historical filters’ determining the 

regional diatom species pool through a series of large-scale historical, climatic and 

evolutionary events on diatom dispersal and speciation (Soininen, 2007). This 

biodiversity spatial factor is further supported by the decrease in community similarity 

with distance due to restricted dispersal ability of unicellular diatoms (Sabbe et al., 

2001; Soininen, 2004). Furthermore, this ‘historical filter’ has been shown to account 
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for about 20-30% of the total explainable spatial variation of freshwater diatom 

communities in a meta-analysis of freshwater diatoms (Soininen, 2007). Moreover, the 

role of this pure spatial factor was shown to increase with increasing study area 

(Soininen, 2007).  

In comparison to the ultimate variables, proximate variables create spatial 

environmental heterogeneity that supports and maintains abundance and diversity 

within the benthic algal community (Biggs & Gerbeaux, 1993; Biggs, 1995; Stevenson, 

1997). Proximate variables act as ‘direct environmental filters’ and operate on a local 

scale directly affecting the benthic algal community (Figure 3.1). Local physio-chemical 

variables constraining the ability of different species to grow under specific local habitat 

features can be classified into three fundamental forces (i) changes in disturbance 

regime (i.e. flow), (ii) changes in resources (i.e. nutrient and light) and (iii) changes in 

stressors (i.e. conductivity, pH and turbidity) (Figure 3.1). Flow, measured as discharge 

and velocity, can be a drag force disturbance affecting algal immigration and 

exportation through shear stress (Peterson & Stevenson, 1989; Biggs & Thomsen, 1995; 

Death, 2010). Nutrients and light are resources required by benthic algae to survive and 

grow (Borchardt, 1996; Hill, 1996; Chetelat et al., 1999; Wellnitz & Rader, 2003).  

Benthic algae communities may also respond to different water quality parameters, such 

as conductivity (Potapova & Charles, 2003), pH (Niyogi, McKnight & M., 1999; 

Zalack, 2006) and turbidity conditions (Larned, 2010). Although proximate variables 

explain significant proportions of benthic algal community variance, the major 

environmental drivers that explain patterns in benthic algal communities vary between 

studies. These findings suggest that algal-environmental relationships are strongly 

influenced by regional conditions and context.  

In subtropical Australia, the spatial patterns of benthic diatom taxonomic composition 

are poorly understood. While some studies have explored spatial patterns in benthic 

algal biomass (Mosisch & Bunn, 1997) and benthic metabolism (Fellows et al., 2006), 

they have not focussed on benthic diatom species diversity or community composition 

structure. This, in turn, limits our capacity to use benthic algal indicators in monitoring 

programs, despite the fact that they are used widely and to great effect in other 

continents (Watanabe, Asai & Houki, 1988; Van Dam, Mertens & Sinkeldam, 1994; 

Biggs, 2000b; Potapova & Charles, 2007). The aim of this chapter, therefore, is to 

identify ecological determinants that facilitate the understanding and prediction of 
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benthic algal spatial heterogeneity across 22 upland stream reaches in three catchments 

in subtropical Australia during base flow conditions. This chapter has investigated the 

utility of the ‘Scale-Dependent Hierarchical Model’ (Stevenson, 1997) to identify the 

spatial pattern of hierarchical dominance of factors regulating benthic biofilm biomass 

and diatom species composition (Figure 3.1). Specifically, this chapter addresses the 

following questions: 

Q1. Do ultimate variables explain (a) spatial variations in measured proximate variables 

and (b) the regional species pool of diatom species occurrence? 

Q2. Which proximate environmental variables best explain the observed spatial patterns 

in stream biofilm biomass and diatom community composition in subtropical upland 

streams? 

Q3. Do any diatom taxa respond to the range of environmental conditions in a way that 

could potentially be used in assessing algal response to changes in environmental 

gradients? 

 

3.2 Methods 

3.2.1 Survey Design 

The chapter examines spatial variability of biofilm biomass and diatom community 

composition of cobble-based upland streams in South-East Queensland from the 

Bremer, Logan and Albert River catchments (see Figure 2.2). Twenty-two stream 

reaches in the three study catchments were sampled under base flow conditions between 

26 October and 6 November 2009 to eliminate the potential effects of flow variability. 

All stream reaches were third-order cobble-based upland streams with similar channel 

width, channel depth and altitude to ensure all sites were comparable. 

Given that there are multiple explanatory environmental variables influencing benthic 

algal communities (Figure 3.1), sites were chosen across three catchments with different 

physicochemical conditions (Table 3.1). A wet-dry gradient in rainfall from east to west 

reflects the spatial variability in flow regime occurring across sites as the potential 

dominant driver of benthic algal communities. Then, a range of different riparian 

canopy cover across sites enabled the assessment of spatial variability in light resources 
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on benthic algae. Site details and conditions are presented in Chapter 2 and site photos 

can be seen in Appendix A.  

 

Table 3.1 The ultimate and proximate environmental variables measured at each 

benthic algal collection site. 

Scale   Variables Units 

Ultimate 
1 Catchment - 

2 Rock type  - 

Proximate 

Resources 
 1 Total oxidised nitrogen (NOx) mg/L 

2 Ammonium nitrogen (NH4) mg/L 

3 Soluble reactive phosphorus (SRP) mg/L 

4 Light % canopy cover 

Disturbance 
 5 Flow velocity m/s 

6 Discharge m3/s 

Stressors 
 7 Conductivity mS/cm 

8 pH  - 

9 Turbidity NTU 
 

 

3.2.2 Field methods 

3.2.2.1 Collection of biofilm biomass and diatom assemblage 

At each site, algal communities were sampled from riffle areas within a 100 m study 

reach. Algal samples were taken from twelve randomly selected cobbles collected from 

two riffles (i.e. 6 cobbles in each riffle). Then, two cobbles from different riffles were 

subsequently pooled into a single sample (i.e. n=6) to minimise the anticipated within-

reach variation of algal assemblages, as the emphasis in the study was to examine broad 

(between site) spatial patterns in benthic algal communities. To remove biofilm from 

substrata, the upward facing side of cobbles was scrubbed with a brush and the biofilm 

slurry rinsed into a dishpan with distilled water. Then, the sample contents were poured 

through a funnel into a graduated cylinder and diluted to a known volume with distilled 

water. The biofilm slurry was mixed vigorously before a 5 mL subsample was 

preserved in Lugol’s iodine preservative and stored in the dark without refrigeration for 

further diatom taxonomic composition analysis. The remaining biofilm sample was 
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transferred into a labelled sample bottle and immediately stored on ice in a portable 

freezer for biomass analyses.  

To estimate the benthic algal biomass, cobble surface area was measured by pressing 

aluminium foil over each cobble and cutting the foil margin to match the size of the 

scrubbed area. The mass (weight in grams) of cleaned and dried aluminium foil was 

used to estimate cobble surface area based on a foil mass-area relationship (McCreadie 

& Colbo, 1991). The mass-area curve of the foil used in this study is given in Appendix 

B.  

 

3.2.2.2 Water quality and environmental variables  

At each site, flow discharge was estimated by measuring flow velocity and water depth 

along two cross-sectional transects using a flow meter (Swoffer 2100) and ruler. In 

addition, duplicate conductivity, pH and turbidity were measured using a Sonde (YSI, 

6920) and a portable turbidity meter (TPS, Brisbane). Percentage canopy cover was 

estimated at the midpoint of each sampling riffle using a densiometer to estimate the 

amount of light penetrating the riparian canopy. 

Duplicate ambient water nutrient samples were collected and filtered through 0.45 µm 

cellulose-acetate membranes to determine the ambient concentrations of dissolved 

inorganic nutrients, specifically total oxidised nitrogen (NO3-N), ammonium nitrogen 

(NH4-N) and soluble reactive phosphorus (SRP). All samples were stored on ice until 

returned to the laboratory where they were stored at -20°C until analysed. 

 

3.2.3 Laboratory methods 

3.2.3.1 Biofilm biomass analysis 

Upon return to the laboratory, each biofilm biomass sample (n=6) was homogenised by 

vigorous shaking before being divided into two equivalent subsamples. The first 

subsample was used for the determination of ash-free dry mass (AFDM). The 

subsample was filtered onto a precombusted (400°C, 2 hours) and weighed glass 

microfiber filter (Whatman GF/F 47mm). Dry mass was measured after drying inside an 

oven at 105°C for 24 hours and ashed mass were measured after ashing inside a muffle 

furnace at 400°C for 4 hours. The samples were cooled in a desiccator before each 
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weighing. AFDM was then calculated and expressed in terms of calculated surface areas 

of the cobbles for each pooled sample in g/m
2
. 

The second subsample was used to determine Chlorophyll a (Chl a) concentrations. The 

subsample was filtered onto a glass microfiber filter (Whatman GF/F 47mm), using 

90% ethanol as the extraction solvent, heated in hot water bath for 5 minutes at 75°C 

and centrifuged for 10 minutes according to standard procedures (ISO, 1994). Chl a was 

estimated using the spectrophotometric equation in which the absorption at 750nm was 

subtracted from the reading at 665nm to correct for the presence of turbidity and 

coloured materials. Chl a was then expressed in terms of the calculated surface area of 

the cobbles for each pooled sample in mg/m
2
. The autotrophic index (AI) was calculated 

as the AFDM:Chl a ratio (Weber, 1973; Collins & Weber, 1978; Biggs & Close, 1989) 

for each pooled sample to distinguish the proportion of autotrophic and heterotrophic 

materials in a biofilm community. 

 

3.2.3.2 Diatom identification and counting procedure 

From each site, three of the six samples were randomly selected for diatom 

identification (Chessman et al., 2007). Diatom samples were prepared using the 

methods of Chessman et al. (1999). The algal subsample preserved with Lugol’s iodine 

was cleaned by oxidizing the organic material with sulfuric acid (H2SO4) and nitric acid 

(HNO3), before being washed several times and diluted with distilled water. A known 

amount of cleaned sample was then mounted to create diatom permanent slides using 

Naphrax
TM

.  

Diatoms on the permanent slides were identified at 1000x magnification with oil 

immersion under either a Zeiss (Axiostar) compound microscope or an Olympus 

(BX53) compound microscope using bright field illumination. Diatoms were identified 

and quantified by selecting a minimum of at least 10 random fields until a minimum of 

300 diatom valves were identified and enumerated per slide. Only valves with more 

than half the valve intact within the field were counted. In samples with extremely low 

cell densities, a maximum of 50 fields were examined.  

Diatom valve identification was made on the basis of comparison of diatom valve 

morphology with photomicrographs and descriptions contained in the diatom taxonomic 
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literature. The literature used for identification included keys of diatoms from Australia 

(Foged, 1978; John, 1983; Sonneman et al., 2000) and overseas (Krammer & Lange-

Bertalot, 2000). Diatom valves were identified, where possible, to species level with 

updated use of species names applied where applicable. A number of diatom taxa could 

not be easily identified and were therefore assigned epithets such as Navicula species 1. 

Diatom valves which generally had morphological characteristics similar to recorded 

species, but had some features (such as higher striae density or more capitate valve 

ends) which precluded them from being confidently ascribed to a published taxon, were 

labelled “cf.” to acknowledge that it could be a published species but that some features 

were different.  

 

3.2.3.3 Water chemistry analysis 

Dissolved inorganic nutrients were analysed using a SmartChem200 (Westco Scientific 

Instruments, Bookfield) discrete chemical analyser following the standard methods 

outlined in APHA (2005). Total oxidised nitrogen (NOx) was determined as the 

combined nitrate (NO2) and nitrite (NO3) concentrations in the samples. The results are 

expressed as NOx mg/L. Ammonium nitrogen (NH4) was determined by the 

concentration of ammonia (NH3) in the samples. The results are expressed as NH4 

mg/L. Soluble reactive phosphorus (SRP) was determined by the concentration of 

orthophosphate (PO4
3-

) in the samples. The results are expressed as SRP mg/L. If 

nutrient concentrations were below the detection limit of 0.010mg/L, the value will be 

hereafter presented and analysed as 0.009mg/L. 

 

3.2.4 Statistical Analyses 

3.2.4.1 Environmental characteristics 

To test whether ultimate variables determine the potential range of proximate variables 

(Q1a), Kruskal-Wallis tests were used to analyse differences in nine proximate 

variables between catchments (fixed factor, n=3) and rock types (fixed factor, n=3). The 

Bonferroni correction was used to counteract the issue of multiple comparisons on a set 

of data. This deviation from the conventional significance level of 0.05 follows the 

recommendation of Fisher (1956) that fixed significance levels are too restrictive and 

that a researcher’s chosen significance level should depend on the specific 
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circumstances. Therefore, the significance level was set at 0.01 in all Kruskal-Wallis 

tests (Zar, 1999).  

Nine measured proximate variables were used to characterise local environmental 

patterns among study sites. Pearson correlation coefficients (r) were used to examine the 

degree to which the nine proximate variables were inter-related. To identify dominant 

environmental variables in the study area, a principal components analysis (PCA) was 

performed to summarise nine proximate variables into just a few axes (components). 

Vectors of nine proximate variables were overlain on the PCA ordinations to provide 

insight as to which variables were associated with similarity between sites. Univariate 

analyses were performed in SPSS version 19 (IBM, 2010, Armonk) and multivariate 

analyses were performed in PRIMER v6.1.15 with the PERMANOVA+ v1.0.5 add-on 

package (PRIMER-E, 2012, Plymouth). 

 

3.2.4.2 Diatom summary diversity metrics 

To describe and summarize the diversity of diatoms in benthic algal community 

samples, species richness (S), Pielou’s evenness index (J) (Pielou, 1966) and Shannon 

diversity index (H) (Shannon, 1948) were calculated in PRIMER v6.1.15 (PRIMER-E, 

2012, Plymouth) using the DIVERSE function. Although the analyses were lacking in 

specific taxonomic detail, these summary metrics can be used to assess the generality of 

biodiversity responses to environmental changes (Stevenson, 1984; Sonneman et al., 

2001; Biggs & Smith, 2002). 

 

3.2.4.3 Univariate patterns 

To examine which measured proximate variables are driving spatial patterns of biofilm 

biomass and diatom diversity metrics, classification and regression trees (CART) were 

used to explore patterns between benthic algal attributes (response variables) and nine 

proximate environmental variables (multiple explanatory variables) (Q2). Site averages 

(n=22) of benthic algal attributes and proximate environmental factors were used in all 

regression tree analyses. Six univariate regression trees were developed using the 

untransformed dataset of (1) AFDM, (2) Chl a, (3) AI, (4) diatom S, (5) diatom J and 

(6) diatom H.  
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The regression tree model, developed on the basis of binary recursive partitioning, splits 

the response variable data until subgroups become homogeneous and at each split 

(node) the data is partitioned into two groups by the best explanatory variable (De'ath & 

Fabricius, 2000; De'ath, 2002). Surrogate variables (Olshen et al., 1984) that displayed 

>0.8 percentage agreement with the best explanatory variable were also shown to 

minimise information loss. This approach can lead to a more complete understanding of 

dependencies and relationships within the data. The splitting process is continued on the 

resultant groups, allowing alternative explanatory variables to be selected at different 

levels (De'ath & Fabricius, 2000; De'ath, 2002). CART provide an elaborate over-fitted 

model, therefore, there is a need to “prune” the tree back to the desired size. The best 

predictive tree size was selected by cross-validation which accurately estimates 

prediction error for trees of a given size (Olshen et al., 1984) to avoid an overlarge tree 

with no improvement than a pre-specified splitting (De'ath & Fabricius, 2000). The best 

estimated predictive tree should be the tree which has the smallest estimated error 

(De'ath & Fabricius, 2000). To give the model ecological relevance, the most complex 

tree within 1 standard error (SE) of the best predictive tree was chosen in this study. For 

each regression tree model, the explanatory power was presented (calculated as 1 – 

relative error, in which the relative error is the percentage of unexplained variance). All 

univariate regression tree analyses were carried out in the R statistical package (R Core 

Development Team, 2011) using the RPART library. 

 

3.2.4.4 Multivariate patterns 

To test whether ultimate variables determine the regional diatom species pool, 

difference in diatom species occurrence between catchments and rock types were tested 

using one-way analysis of similarities (ANOSIM) (Q1b). Diatom presence/absence 

species data were used to represent the regional species pool. A Bray-Curtis 

dissimilarity matrix was generated by comparing the diatom species occurrence between 

all samples (n=66) from 22 sites by rank correlating the community structure. Then, 

ANOSIM calculates the overall observed R statistic and ran 999 random permutations 

to estimate the probability of p-value, with levels of significance reported as p <0.1% 

(0.001). 
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Where ANOSIM results were non-significant, multivariate regression trees (MRT) were 

used to examine which measured proximate variables were driving spatial patterns of 

diatom species composition (Q2). Two multivariate regression trees were developed 

using the untransformed diatom species community composition datasets of (1) 

presence/absence data and (2) relative abundance data. The datasets, by weighing the 

contributions of common and rare species differently, distinguished (1) actual species 

occurrence in a community from (2) relative proportions of species occurrence in a 

community. All multivariate regression tree analyses were carried out in the R statistical 

package (R Core Development Team, 2011) using the MVPART library. 

Indicator species analysis (Dufrene & Legendre, 1997) was then used to identify which 

species defined the nodes in the MRT groupings. (Q3) Diatom species relative 

abundance data was used to calculate indicator values for each species. The indicator 

value is based only on within-species abundance and occurrence comparisons, without 

any comparison among species (Dufrene & Legendre, 1997). As a result, the value for 

any given species is independent of the other species. The indicator value (IV) of a 

taxon varies from 0 (no indication) to 100 (perfect indication), with the value attained to 

100 when a taxon is observed in all sites of only one treatment group. The significance 

of the indicator value for each taxon was tested for statistical significance (p<0.05) 

using the Monte Carlo randomization procedure with 500 permutations. All indicator 

species analyses were run in the R statistical package (R Core Development Team, 

2011) using the LABDSV library.  

Results of MRT were also displayed using nonmetric multidimensional scaling 

ordinations (NMDS) based on similarities in diatom community composition. A Bray-

Curtis dissimilarity matrix was generated from the site average dataset by comparing 

the diatom community composition between sites. NMDS output with stress values of 

less than 0.2 were considered appropriate for interpretation (Clarke & Warwick, 2001). 

In addition, significant environmental variables from regression tree models were used 

to relate diatom community composition by correlative multivariate statistics. The 

environmental variables were standardised to validate the use of Euclidean distances.  
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3.3 Results 

3.3.1 Environmental characteristics 

The measured proximate variables varied across the 22 sites (Table 3.2a) with some 

broader patterns influenced by ultimate variables. In terms of nutrient resources, all sites 

generally had comparatively high NOx and low NH4 and SRP concentrations. NOx 

differed significantly with rock type (T= 9.7, d.f.=2, p<0.008, Table 3.2b) while SRP 

differed significantly among catchments (T=14.8, d.f.=2, p<0.001, Table 3.2b). Most of 

the sites in the Albert and Logan catchments had relatively high dissolved nutrient 

concentrations - above the guideline trigger values (NOx and SRP at 0.015mg/L and 

NH4 at 0.013 mg/L ) according to Australian water quality guidelines (ANZECC, 2000). 

On the other hand, the Bremer catchment had relatively low NOx and SRP 

concentrations. Co-linearity relationships were observed between nutrient 

concentrations which suggest sites with high NOx concentrations also were 

characterised by high SRP concentrations (Table 3.2c). 

In terms of measures of disturbance, flow velocity was significantly different across the 

three catchments and along the wet-dry gradient from east to west (T=10.4, d.f.=2, 

p<0.006, Table 3.2b). As expected, sites in the Albert catchment, situated in the eastern 

side of the study region, tended to have higher flow velocity and discharge while most 

of the Bremer sites, in the most western catchment, had low or no flow during the study 

period (Table 3.2a). All of the spatial sampling was conducted under base flow 

conditions before the wet season had started. Half of the study sites had flow velocity 

below the detection limit (<0.01 m/s, represented as 0m/s velocity), while the maximum 

velocity recorded as 0.4 m/s. 

In terms of stressors, a range of conductivity measurements was recorded, with 16 sites 

above the guideline trigger values at 0. 35 mS/cm according to Australian water quality 

guidelines (ANZECC, 2000). Variability in pH and turbidity among sites was relatively 

low. Co-linearity relationships were observed between flow and stressors (Table 3.2c). 

Most noticeably, discharge was negatively correlated with conductivity (p<0.01) and 

turbidity (p<0.05), reflecting the fact that even low flows during the study period may 

indirectly increase local conductivity and turbidity. 
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Table 3.2 Summary of nine proximate environmental variables across 22 stream sites sampled between 26 October and 6 November 2009 

in three study catchments in subtropical Australia. (a) Catchment mean (±s.e.), (b) Kruskal-Wallis tests between ultimate variables 

measured as catchments and rock types and (c) Correlation matrix (Pearson, two-tailed) showing the degree to which the measured 

parameters were inter-related (*P<0.05; **P<0.01). 

 

  

Resources  Disturbance  Stressors 

 
 

NOx NH4 SRP Canopy cover  Velocity Discharge  Conductivity pH Turbidity 

    (mg/L) (mg/L) (mg/L) (%)  (m/s) (m3/s)  (mS/cm) 
 

(NTU) 

(a) Catchment mean + s.e. 
  

 
  

 
   

 

Albert 0.201 0.15 0.025 20  0.10 0.38  0.37 7.95 1.7 

 
 

(0.105) (0.003) (0.003) (8.1)  (0.03) (0.84)  (0.13) (0.09) (1.0) 

 

Logan 0.252 0.024 0.055 47  0.08 0.37  0.86 7.91 12.3 

 
 

(0.096) (0.003) (0.014) (7.4)  (0.03) (0.10)  (0.15) (0.75) (4.9) 

 

Bremer 0.035 0.019 0.013 51  0.01 0.10  0.90 7.77 14.9 

    (0.006) (0.003) (0.002) (6.7)  (0.01) (0.06)  (0.17) -0.08 (5.1) 

(b) Kruskal-Wallis tests  
  

 
   

 

Catchment 0.044 0.687 0.001 0.068  0.006 0.019  0.125 0.503 0.051 

  Rock type 0.008 0.898 0.080 0.844  0.125 0.343  0.152 0.193 0.014 

(c) Correlation  
  

 
   

 

NH4 .231 
   

 
  

 
   

 

SRP .657** .730** 
  

 
  

 
   

 

Canopy cover .173 .385 .122 
 

 
  

 
   

 

Velocity .041 -.370 -.212 -.038  
  

 
   

 

Discharge -.085 -.290 -.252 -.159  .724** 
 

 
   

 

Conductivity -.221 .114 .071 -.001  -.472* -.595**  
   

 

pH .080 -.241 .049 -.166  .490* .597**  -.482* 
  

  Turbidity -.066 .103 -.034 .299  -.270 -.359*  .595** -.254 
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As environmental variables do not operate independently and spatial patterns in 

environmental data may be complex, the suite of measured proximate variables was 

further explored using PCA, to search for multiple environmental drivers contributing to 

the observed spatial habitat patterns. PC1 (axis-x) explained 33% of the variation and 

the vector overlay suggested that flow disturbance (i.e. velocity and discharge) and 

stressors (i.e. conductivity, pH and turbidity) were strongly associated with this 

variation (Figure 3.2a). In terms of basal resources, PC2 (axis-y) explained 24% of the 

variation with dissolved nutrient concentration positively aligned along the axis (Figure 

3.2a). Moreover, light availability, measured as percentage canopy cover, had a strong 

association with PC3 and this axis explained a further 12% of the variation in the 

dataset (Appendix C). The groups of catchment and rock type did not show any 

distinctive patterns in the PCA (Figure 3.2b and c) suggesting that local environmental 

conditions (proximate variables) were predominantly driving the observed differences 

across the study sites. 

 

 

Figure 3.2 Principal components analysis (PCA) bi-plot of nine proximate 

environmental variables showing (a) sites and vectors of environmental variables 

(normalised data, Pearson correlation) which underlie the spatial environmental patterns 

among sites, (b) catchments and (c) rock types groups.  
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3.3.2 Biofilm biomass 

Biofilm biomass from cobbles varied considerably across the 21 study sites (missing 

data in site B22) under base flow conditions. The biomass per site ranged from 0.15-

32.98 mg/m
2
 for Chl a and 0.02 – 1.24 g/m

2 
for AFDM. Chl a and AFDM were 

positively correlated, reflecting the fact that both biomass attributes are likely to 

respond similarly to environmental conditions although they represent measures of 

different autotrophic and heterotrophic components in the biomass (Figure 3.3). The AI 

calculated as AFDM/Chl suggested that half of the samples (AI>100 and <400) were 

dominated by mixed autotrophs and heterotrophs while the other half (AI >400) were 

dominated by heterotrophs (Biggs & Close, 1989). 

 

 

 

Figure 3.3 Relationships between AFDM and Chl a. Each data point represents a 

biofilm biomass sample (n=6) from all sampling sites.  
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Three biofilm biomass regression tree models had explanatory power between 31.3% 

and 40.5% (Figure 3.4). All models had two terminal groups suggesting only one 

primary factor (split) in each tree. NOx was the major driver explaining the variance in 

Chl a concentrations (Figure 3.4a) with the split in this tree occurring at the point where 

NOx concentrations are at 0.054 mg/L. SRP was identified as a surrogate factor (0.81) 

and was positively correlated with NOx. Interestingly, Chl a concentrations were 

negatively associated with nutrient concentrations, with group A (n=11 with 

NO3<0.054) having 4-fold higher mean Chl a concentrations than did group B. In the 

AFDM model, turbidity was the primary factor, with flow discharge a surrogate factor 

explaining 38.9% of variation in AFDM (Figure 3.4b). High turbidity and low flow 

discharge sites in group D had a 3-fold higher mean AFDM than did sites in group C. In 

the AI model, percent canopy cover was positively associated with AI implying a higher 

AI (i.e. a higher level of heterotrophic dominance) in the highly shaded sites in group F 

(Figure 3.4c). 

 

 
Figure 3.4 Regression tree and bar plot for (a) Chl a and (b) AFDM of two regression 

tree groups split along environmental gradients. Shaded text on top of node is the 

primary environmental factor with its critical value that splits sites into the two groups. 
S
 The unshaded text under the node is the surrogate environmental factors.  
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3.3.3 Diatom community composition 

A total of 150 diatom taxa (51 genera) were identified from 66 samples across the 22 

study sites with the 15 most abundant species comprising 72% of the total abundance of 

diatoms. The most abundant species (in descending order) were Rhoicosphenia 

abbreviata (22%), Cocconeis placentula (14%) and Epithemia sorex (9%) which 

occurred in all study sites. Other commonly occurring species included Achnanthidium 

minutissimum and Achnanthes oblongella which were recorded from 20 sites and 

Nitzschia palea, Planothidium lanceolatum and Rhopalodia gibba which were recorded 

from 19 study sites. The most diverse genera, in descending order, were Nitzschia (21 

species with 11% abundance) followed by Gomphonema (17 species with 7% 

abundance) and Navicula (16 species with 5% abundance) (Table 3.3). The complete 

list of species names and their authorities, along with their mean relative abundances is 

provided in Appendix D. 

 

3.3.3.1 Summary diversity metrics  

Three diatom summary diversity regression tree models had relatively less powerful 

explanatory power (<30%) than the biofilm biomass tree models (>30%) (Figure 3.5). 

All models had one split and two terminal groups. Species richness ranged from 8 to 56 

across the 22 study sites with turbidity being the most influential environmental variable 

positively associated with richness, with conductivity as a surrogate variable (0.82) 

(Figure 3.5a). The two terminal groups split at 5.06 NTU, with higher richness in the 

more turbid and higher conductivity sites in group B. Patterns of diatom species 

evenness and diversity were both driven by nutrient concentrations. Both tree models 

were separated into two groups with NOx driving the split at 0.0475 mg/L, while SRP 

was a surrogate factor (Figure 3.5b and c). Higher diatom evenness and diversity were 

found in sites with low NOx and SRP concentrations in group C and E. 
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Table 3.3 Diatom genera identified from 22 stream sites between 26 October and 6 

November 2009 in subtropical Australia, including the number of species (including 

varieties) and the number of sites at which each genus was recorded.  

 

Genus 
No. of 

species 
No. of 
sites  

Genus 
No. of 

species 
No. of 
sites 

Achnanthes 4 11 
 

Hippodonta 1 1 

Achnanthidium 3 21 
 

Karayevia 1 7 

Amphora 5 18 
 

Luticola 2 9 

Anomoeoneis 1 1 
 

Mastogloia 1 1 

Aulacoseira 2 5 
 

Melosira 2 17 

Bacillaria 1 11 
 

Navicula 16 22 

Caloneis 2 3 
 

Neidium 1 1 

Cocconeis 2 22 
 

Nitzschia 21 22 

Craticula 1 1 
 

Pinnularia 3 9 

Ctenophora 1 11 
 

Planothidium 4 21 

Cyclotella 1 6 
 

Pleurosigma 1 9 

Cymatopleura 1 3 
 

Psammothidium 1 20 

Cymbella 3 12 
 

Pseudostaurosira 1 4 

Diadesmis 1 11 
 

Rhoicosphenia 1 22 

Diploneis 1 10 
 

Rhopalodia 5 21 

Encyonema 3 10 
 

Rossithidium 1 4 

Entomoneis 1 1 
 

Sellaphora 1 6 
Eolimna 1 3 

 
Seminavis 1 1 

Epithemia 3 22 
 

Simonsenia 1 1 

Eunotia 3 6 
 

Stauroneis 1 4 

Fallacia 1 3 
 

Stenopterobia 1 2 

Fragilaria 3 6 
 

Surirella 6 11 

Frustulia 1 3 
 

Ulnaria 5 16 

Gomphonema 17 22 
 

Tabularia 3 9 

Gyrosigma 1 3 
 

Tryblionella 5 8 

Hantzschia 1 7     
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Figure 3.5 Regression tree and bar plot for diatom species (a) Richness, and (b) 

Diversity of two regression tree groups split along environmental gradients. Shaded text 

on top of node is the primary environmental factor with its critical value that splits sites 

into the two groups. 
S
 The unshaded text under the node is the surrogate environmental 

factors.  

 

 

3.3.3.2 Species occurrence (presence/absence data) 

Initially, ANOSIM was used to test if ultimate variables could explain spatial 

differences in the diatom species pool. The ANOSIM results suggested no significant 

difference in diatom occurrence between catchments and rock types. The NMDS 

ordination of sites based on presence/ absence dataset showed diatom community 

similarity did not decrease with distance between sites and suggested that all study sites 

shared the same regional diatom species pool (Figure 3.6). Therefore, the observed 

variability in benthic algal communities was predominantly driven by local proximate 

environmental variables.  
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Figure 3.6 Nonmetric multi-dimensional scaling (NMDS) ordination of study sites 

based on presence/absence dataset in species level with vectors showing nine local 

proximate environmental  variables (normalised) fitted into the ordination to show 

correlations (Pearson correlation) with diatom community composition. The circle 

represents a vector correlation of 1. 

 

 

The multivariate regression tree model identified velocity, conductivity and pH to be the 

major drivers, explaining 36.2% of the community composition variance in species 

occurrence (Figure 3.7). The first node explained 16.5% of the variance in diatom 

community composition structure and was separated into two groups based on flow 

velocity at 0.015m/s, with discharge (0.91) as a positively correlated surrogate factor. 

Hantzschia amphioxys and Nitzschia capitellata were indicator species of the slower 

velocity group (A) and only occurred in the slower velocity group (Table 3.4). Six 

indicator species were found to only occur in the high velocity group (B) with the other 

five indicator species occurring in both groups A and B, but with higher relative 

abundance at group B (Table 3.4). 

The second node partition from the slower velocity group (A) was split by conductivity 

at 805.25 µS/cm (Figure 3.7). This node explained a further 12.5% of the variance in the 

model. Four indicator species were found in the relatively high conductivity group 

(Group D). Of these, Navicula cryptotenelloides, Nitzschia capitellata and Pleurosigma 

elongatum occurred only in group D and Hantzschia amphioxys had significantly higher 

abundance in this group (Table 3.4). In contrast, Group C, with lower conductivity, had 

no indicator species.  
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Figure 3.7 Multivariate regression tree of the diatom presence/absence dataset in 

species level of six regression tree groups split along environmental gradients. Shaded 

text on top of each node is the primary environmental factor with its critical value that 

splits sites into two groups. 
S
 Unshaded texts under each node are surrogate 

environmental factors. 
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Table 3.4 Indicator species of the diatom species level presence/absence regression tree groups with statistically significant (p<0.05). 

Indicator value (IV), p value, relative abundance and relative frequency for each regression tree group were shown. 

 

Node Group n Factor (split) Species name IV p Relative abundance 
 

Relative frequency 

1 
      

A B 
 

A B 

 
A 12 Velocity < 0.015 Hantzschia amphioxys 58 0.009 1.000 0.000 

 
0.583 0.000 

   
  Nitzschia capitellata 42 0.042 1.000 0.000 

 
0.417 0.000 

 
B 10 Velocity > 0.015 Cymbella cistula 66 0.006 0.172 0.828 

 
0.167 0.800 

    
Cymbella tumida 50 0.015 0.000 1.000 

 
0.000 0.500 

    
Encyonema minutum 63 0.004 0.106 0.894 

 
0.083 0.700 

    
Gomphonema angustum 53 0.021 0.122 0.878 

 
0.083 0.600 

    
Navicula cryptotenelloides 71 0.009 0.294 0.706 

 
0.417 1.000 

    
Nitzschia lacuum 62 0.040 0.316 0.684 

 
0.417 0.900 

    
Pseudostaurosira parasitica 40 0.031 0.000 1.000 

 
0.000 0.400 

    
Rossithidium linearis 40 0.031 0.000 1.000 

 
0.000 0.400 

    
Stauroneis anceps 40 0.030 0.000 1.000 

 
0.000 0.400 

 
  

 
Ulnaria ulna var. contracta 90 0.001 0.000 1.000 

 
0.000 0.900 

   
  Ulnaria ungeriana 60 0.005 0.000 1.000 

 
0.000 0.600 

2 
      

C D 
 

C D 

(from A) C 6 Conductivity <0.805 - - - - - 
 

- - 

 
D 6 Conductivity >0.805 Hantzschia amphioxys 86 0.017 0.143 0.857 

 
0.167 1.000 

 
  

 
Navicula cryptotenelloides 83 0.021 0.000 1.000 

 
0.000 0.833 

 
  

 
Nitzschia capitellata 83 0.012 0.000 1.000 

 
0.000 0.833 

 
  

  Pleurosigma elongatum 83 0.012 0.000 1.000 
 

0.000 0.833 

3 
      

E F 
 

E F 

(from B) E 3 pH < 7.66 Pleurosigma elongatum 88 0.031 0.875 0.125 
 

1.000 0.143 

 
F 7 pH > 7.66 Amphora veneta 86 0.039 0.000 1.000 

 
0.000 0.857 

   
  Ulnaria ungeriana 86 0.044 0.000 1.000 

 
0.000 0.857 
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At the third node, which split the higher velocity sites (Group B), pH at 7.66 explained 

an additional 7.2% of the variance in the model (Figure 3.8). SRP, conductivity, 

geology and discharge were all detected as surrogate factors in this node. In terms of 

indicator species, Pleurosigma elongatum was significantly associated with lower pH 

sites (Group E) and Amphora veneta and Ulnaria ungeriana were significantly 

associated with higher pH sites (Group F) (Table 3.4).  

The NMDS ordination of sites based on similarities in diatom community structure was 

performed for the regression tree groupings of velocity, conductivity and pH (Figure 

3.8). The stress level (0.20) with two-dimensional scaling was just within the fair level 

(0.20) which means the rank-order agreement of distances with dissimilarities is 

acceptable. The environmental variables were subsequently fitted into the ordination 

space as vectors to show which parameters were driving differences between sites 

(Figure 3.8a). Flow (i.e. velocity and discharge), conductivity and turbidity had the 

longest vectors, suggesting that they each had relatively strong influences on the 

presence and absence of diatom species.  

In the NMDS with sites labelled according to velocity (with the cut-off between groups 

at 0.015m/s), sites were distributed along a flow gradient with group A distinctively 

separate to group B (Figure 3.8a). Then, the slow flowing sites (group A) were split into 

low conductivity (group C) and high conductivity (group D) groups along the 

conductivity gradient (Figure 3.8b) as indicated by the conductivity vector. Finally, the 

fast flowing sites (group B) were partitioned by pH (Figure 3.8c). 
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Figure 3.8 Nonmetric multi-dimensional scaling (NMDS) ordination of study sites 

based on presence/absence dataset in species level for paired regression tree groups 

from the same node. (a) First node – group A and B with vectors showing nine 

physicochemical variables (normalised) fitted into the ordination to show correlations 

(Pearson correlation) with diatom community composition. The circle represents a 

vector correlation of 1. (b) Second node – group C and D, and (c) Third node – group E 

and F.  
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3.3.3.3 Species abundance (relative abundance data) 

The multivariate regression tree analysis based on relative abundance data explained 

34.9% of the variance and had three nodes (Figure 3.9). In contrast with the 

presence/absence data, SRP was identified as the most important environmental 

variable, followed by pH and then percent canopy cover. The first node in the regression 

tree explained 19.3% of the variance in the dataset, with the split at SRP concentrations 

of 0.0095 mg/L (Figure 3.9). NOx was identified as a strongly correlated surrogate 

variable (0.91). Significantly, the SRP cut-off is at the detection limit of SRP 

measurement (SRP<0.01mg/L) in this study. Six sites had SRP concentrations below 

0.0095 mg/L and were therefore categorised as belonging to group A.  Rhopalodia 

brebissonii, Rhopalodia novae-zelandiae, Rhopalodia operculata and Ulnaria ulna var. 

awqualis were all associated with this low SRP group (A) (Table 3.5). There were three 

indicator species in high SRP sites (group B), such as the most abundant species 

Rhoicosphenia abbreviata and Cocconeis placentula, which were present in all study 

sites but occurred in significantly higher abundance in group B sites.  

The relatively high SRP group (B) was further split into groups C and D, separated by 

pH at 7.53 explaining 8.7% of the variance (Figure 3.9). Pleurosigma elongatum and 

Rhopalodia operculata were found as indicator species in the low pH group (C) and 

Rhoicosphenia abbreviata was an indicator species in the higher pH group (D) (Table 

3.5). At this level of the regression tree thirteen sites which had relative higher pH were 

further developed around the third node, separating into groups E and F by percent 

canopy cover at 48.75% (Figure 3.9). This node explained an additional 6.9% of the 

variance in the model. Encyonema minutum, Luticola mutica, Melosira varians, 

Navicula capitatoradiata, Navicula cryptotenelloides, Nitzschia frustulum, Nitzschia 

lacuum and Nitzschia paleaeformis were associated with lower percent canopy cover 

(group E) and Achnanthes inflata and Gomphonema sp05 were found to be associated 

with sites in the relatively higher percent canopy cover group (F) (Table 3.5).  
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Figure 3.9 Multivariate regression tree of the diatom relative abundance dataset in 

species level of six regression tree groups split along environmental gradients.. Shaded 

text on top of each node is the primary environmental factor with its critical value that 

splits sites into two groups. 
S
 Unshaded texts under each node are surrogate 

environmental factors. 

 

 

The similarity between relative abundances of diatom species was shown in the NMDS 

ordination with stress value of 0.18 (Figure 3.10). Ordinations performed for the 

multivariate regression tree groupings of SRP showed higher SRP sites (group B) 

clearly clustered with each other while lower SRP sites were more loosely distributed 

on the left hand side of the ordination (Figure 3.10a). Two pH groups were developed 

from the higher SRP group (B) and separated into two groups (C and D) (Figure 3.10b). 

The last paired groups were distinctly clustered into a lower percent canopy cover group 

(E) and a higher percent canopy cover group (F) (Figure 3.10c).  
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Table 3.5 Indicator species of the diatom species level relative abundance regression tree groups with statistically significant (p<0.05). 

Indicator value (IV), p value, relative abundance and relative frequency for each regression tree group were shown. 

 

Node Group n Factor (split) Species name IV p Relative abundance 
 

Relative frequency 

1 
      

A B 
 

A B 

 
A 6 SRP < 0.0095 Rhopalodia brebissonii 68 0.018 0.819 0.181 

 
0.833 0.375 

    
Rhopalodia novae-zelandiae 97 0.001 0.966 0.034 

 
1.000 0.313 

    
Rhopalodia operculata 77 0.040 0.927 0.073 

 
0.833 0.625 

 
  

  Ulnaria ulna var.aequalis 50 0.011 1.000 0.000 
 

0.500 0.000 

 
B 16 SRP > 0.0095 Cocconeis placentula 84 0.005 0.157 0.843 

 
1.000 1.000 

    
Navicula cryptotenelloides 82 0.006 0.058 0.942 

 
0.167 0.875 

   
  Rhoicosphenia abbreviata 73 0.010 0.270 0.730 

 
1.000 1.000 

2 
      

C D 
 

C D 

(from B) C 3 pH < 7.53 Pleurosigma elongatum 79 0.036 0.790 0.210 
 

1.000 0.385 

 
  

  Rhopalodia operculata 83 0.012 0.829 0.171 
 

1.000 0.538 

 
D 13 pH > 7.53 Rhoicosphenia abbreviata 78 0.003 0.215 0.785 

 
1.000 1.000 

3 
      

E F 
 

E F 

(from D) E 8 % canopy cover < 48.75 Encyonema minutum 75 0.026 1.000 0.000 
 

0.750 0.000 

 
  

 
Luticola mutica 72 0.049 0.956 0.044 

 
0.750 0.400 

    
Melosira varians 96 0.004 0.957 0.043 

 
1.000 0.400 

    
Navicula capitatoradiata 91 0.044 0.908 0.092 

 
1.000 0.600 

    
Navicula cryptotenelloides 93 0.003 0.931 0.069 

 
1.000 0.600 

    
Nitzschia frustulum 93 0.002 0.927 0.073 

 
1.000 0.600 

    
Nitzschia lacuum 99 0.004 0.985 0.015 

 
1.000 0.200 

   
  Nitzschia paleaeformis 76 0.042 0.867 0.133 

 
0.875 0.400 

 
F 5 % canopy cover > 48.75 Achnanthes inflata 60 0.040 0.000 1.000 

 
0.000 0.600 

   
  Gomphonema sp05 73 0.020 0.088 0.912 

 
0.125 0.800 
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Figure 3.10 Nonmetric multi-dimensional scaling (NMDS) ordination of study sites 

based on relative abundance dataset in species level for paired regression tree groups 

from the same node. (a) First node – group A and B with vectors showing nine 

physicochemical variables (normalised) fitted into the ordination to show correlations 

(Pearson correlation) with diatom community composition. The circle represents a 

vector correlation of 1. (b) Second node – group C and D, and (c) Third node – group E 

and F. 
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3.4 Discussion 

3.4.1 Ultimate variables determine the potential range of flow conditions and 

nutrient concentrations 

The ultimate characteristics measured as ‘precipitation’, ‘catchment’ and ‘rock type’ 

were key drivers in the potential range of flow conditions and nutrient concentrations 

measured in this study (Figure 3.11A). As expected, the gradient in precipitation from 

east (wet) to west (dry) was mirrored in the gradient of stream flow velocity. The most 

easterly catchment (Albert) had the highest flow velocity and discharge reflecting the 

highest precipitation, with the more westerly and comparatively drier catchments 

(Logan and Bremer) having lower rainfall and flow measurements. Therefore, the 

observed catchment differences in flow were largely controlled by the differences in 

precipitation due to the region’s elevation and proximity with the coast.  

 

 

Figure 3.11 Schematic conceptual diagram of the responses of benthic algal biomass, 

diatom species occurrence and abundance to three major proximate variables.  
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The measured dissolved nutrient concentrations in the study region varied with geology 

(represented by rock types) and catchment. As expected in the models described in 

Chapter 1 (Stevenson (1997) ‘Scale-Dependent Hierarchical Model’ and other studies 

(Biggs & Gerbeaux, 1993; Biggs, 1995; Stevenson, 1997)), geology is a major 

determinant of sediment supply and nutrients which directly affect in-stream water 

quality. Since all study sites are in relatively natural environments, they are expected to 

have been influenced predominantly by natural processes, with little effect from human 

land use. As such, in-stream nutrients in these upland streams are mainly leached from 

rocks. In particular, the Bremer sites dominated by alluvial rock had relatively lower 

NOx and SRP concentrations compared with the Albert and Logan sites which are 

associated with all three rock types.  

 

3.4.2 Proximate variables predominantly driving benthic diatom occurrence 

Despite the broad spatial patterns in flow velocity and nutrient concentrations among 

ultimate variables, there were no observed catchment or geology patterns that explained 

the spatial variability in benthic diatom occurrence. Indeed, diatom communities from 

streams close to one another were no more likely to be similar to each other than those 

from streams positioned further away. This was reflected in no broad spatial patterns in 

diatom community composition across the three adjacent catchments stretching along 

upland ridge around 140 km in length. Since the ultimate effects were observed to be 

insignificant at the spatial scale of this study, the overall spatial difference in benthic 

diatom occurrence was predominantly driven by proximate environmental variables, 

those mediated by ultimate variables. 

Diatoms species occurring in this study are mostly cosmopolitan and found throughout 

eastern Australia (Figure 3.11B). For example, the most common diatom species 

Rhoicosphenia abbreviata, Cocconeis placentula and Epithemia sorex in this study are 

of cosmopolitan distribution and are also abundant in Northern Hemisphere stream 

systems (Snyder et al. 2002). This result supports the prevailing view that diatoms 

possess exceptional powers of dispersal with an extremely large species pool facilitating 

the colonisation of most habitats (Round, 1981; Mann, 1996; Stevenson, 1997); rather 

than exhibiting restricted dispersal.  
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3.4.3 Disturbance and resources control biofilm biomass 

This study has demonstrated that disturbance and resources are important determinants 

of biofilm biomass during base flow periods in the study region (Figure 3.11C). Flow 

has been considered the major drag factor for algal immigration and exportation (Biggs 

& Thomsen, 1995; Robson et al., 2008; Death, 2010) while nutrients and light have 

been considered the limiting factors for algal growth in streams (Mosisch, Bunn & 

Davies, 2001; Wellnitz & Rader, 2003). In this spatial survey, Chl a and AFDM were 

positively correlated, reflecting the fact that both biomass attributes are likely to 

respond similarly to environmental conditions although they quantified different 

proportions of autotrophic and heterotrophic in the biomass.  

Turbidity was identified as a key factor positively associated with AFDM. However, all 

study sites had quite low and relatively narrow turbidity ranges during the study period, 

which is consistent with previous findings in Australian upland streams (ANZECC, 

2000; Hadwen et al., 2010). Since the narrow range of turbidity recorded in this study 

could be ecologically insignificant in explaining the observed patterns in benthic algal 

communities, flow velocity, which was identified as a surrogate variable in the model, 

is likely to be the more informative variable in explaining the variability of turbidity 

when interpreting results. During the base flow season, both AFDM and Chl a 

decreased with increasing flow suggesting that flow predominantly acts as a shear stress 

disturbance that regulates biofilm biomass. In particular, AFDM was more susceptible 

to flow than Chl a. It is likely that in slightly elevated flow conditions, living 

autotrophic algal assemblages may be somewhat resistant to dislodgement but 

heterotrophic assemblages in less coherent matrices may be more readily removed by 

sloughing due to shear stress, which also been found in previous studies (Biggs & 

Thomsen, 1995; Peterson, 1996).  

It has been well established that biofilm biomass is affected by nutrient availability, 

with higher biomass typically observed at sites with higher nutrient availability 

(Borchardt, 1996; Mulholland & Webster, 2010; Hill et al., 2011). In this study, NOx 

concentration was the most important proximate environmental variable explaining 

variation in Chl a. However, NOx was negatively associated with Chl a, which runs 

counter to expectations based on Biggs, Stevenson and Lowe (1998b) and the 

‘Periphyton Habitat Matrix Model’. A possible explanation for this reverse effect could 

be that the measured ambient nutrient concentrations represent only those nutrients 
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which were not taken up by the algae present and it may be that nutrient impairment 

(and therefore responses) were indirectly driven by the most limited nutrients in the 

system. Following Liebig’s Law of the Minimum, benthic algal growth would be 

regulated by the scarcest available resource (Liebig, 1855). Therefore, the lower Chl a 

yield at the high nutrient sites could reflect a shortage of limited macro/micronutrients 

that were not measured in the study sites. Moreover, a slow nutrient uptake and algal 

turnover rate can mask the actual nutrient-biomass interaction (Dodds, Smith & 

Lohman, 2002; Davidson & Howarth, 2007; Marcarelli & Wurtsbaugh, 2007). 

However, in this present study the limited nutrients were not identified and this 

interpretation therefore remains speculative at present.  

The availability of light also affects biofilm biomass and can act as a limiting factor for 

autotrophic algal growth, effectively influencing the proportion between autotrophs and 

heterotrophs. All sites had low to moderate Chl a levels which is comparable to other 

studies from similar upland streams in South-East Queensland (Mosisch & Bunn, 1997) 

and elsewhere (Biggs, Smith & Duncan, 1999a; Acuna et al., 2004). Reflecting the low 

levels of Chl a, high AI (and therefore dominance of heterotrophs) were observed in all 

samples with high proportions of non-photosynthetic organic matter such as bacteria, 

fungi and detritus. Biofilm communities were dominated by either mixed autotrophic/ 

heterotrophic or heterotrophic assemblages depending on light availability. Sites with 

more canopy cover had a higher proportion of non-photosynthetic heterotrophs than 

sites with less canopy cover. This result supports previous studies that have  found the 

proportion of autotrophs and heterotrophs to be best explained by light availability 

(Stevenson, 1996; Rier & Stevenson, 2002). 

 

3.4.4 Disturbance and stressors control diatom species occurrence and 

richness 

Local flow disturbance and stressors determine the occurrence of diatom species as well 

as species richness within the benthic algal community (Figure 3.11D). Species 

occurrence in a community is determined by the balance between accumulation by 

immigration and reproduction and loss by death and emigration. As diatom species 

richness is a metric to summarise species occurrence, it is no surprise that species 

occurrence and richness were explained by similar environmental drivers. 
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Flow was identified as the strongest selective factor driving the occurrence of specific 

diatom taxa, as not all taxa are equally capable of establishing and surviving at any 

given flow velocity. Diatom taxa with small size, low-profile growth forms or that are 

motile tend to be flow-resistant because of their ability to attach closely to substrata 

with a smaller surface area: volume ratio (Hillebrand et al., 1999).  In comparison, 

larger sized or high-profile taxa are more susceptible to increases in flow (Ector & 

Iserentant, 1988; McGregor, Marshall & Thoms, 2006; Passy, 2007). Flow velocity, 

measured at the time of sampling, was found to have the strongest influence on the 

diatom community composition. Those sites in the more easterly Albert catchment were 

characterised by higher base flow conditions and the highest velocities during sampling 

and the community composition at these sites had higher abundances and occurrences 

of flow-resistant taxa, like the small size diatom species Nitzschia lacuum, Navicula 

cryptotenelloides and Pseudostaurosira parasitica and the tube dwelling genus 

Encyonema. In contrast, the larger sized diatom Hantzschia amphioxys occurred only in 

sites with low flow velocity, many of which had zero flow velocity during the sampling 

period. 

Diatom species richness in this study was similar to the range reported in an Australian 

dryland river waterhole system (McGregor et al., 2006), an urbanised river system 

(Sonneman et al., 2001) and temperate river systems (Chessman, 1986). Previous 

studies have suggested that benthic algal species richness is often greater under lower 

current conditions (Stevenson, 1984; Biggs & Smith, 2002) because more species are 

able to establish and grow under low flow velocities. However, this pattern was not 

observed in this study, as neither diatom species richness nor diversity displayed clear 

patterns or significant relationships with flow related variables. This demonstrated that 

the differences in stream flow did not influence diatom richness, but instead shifted the 

diatom community composition from flow-susceptible taxa to flow-resistant taxa.  

The sensitivity of taxa to conductivity was the second important factor in determining 

taxa presence or absence in benthic diatom communities. Conductivity is known to be a 

strong explanatory variable for variability in benthic diatom communities among 

streams (Biggs, 1990; Munn, Black & Gruber, 2002; Parker & Huryn, 2011). In this 

study, the indicator species analysis showed that distinct diatom species Navicula 

cryptotenelloides, Nitzschia capitellata and Pleurosigma elongatum and Hantzschia 

amphioxys were found at the sites with conductivity >805.3 µS/cm. In particular, the 
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genus Tryblionella are known to be tolerant of high conductivity and these taxa have 

been found in streams with high specific conductance in areas with heavy agricultural 

practices (Blinn & Bailey, 2001; Gell, Sluiter & Fluin, 2002). 

Diatom species richness showed a positive correlation with conductivity (as surrogate of 

turbidity in the regression tree model) in this study reflecting the fact that conductivity 

influenced the occurrence of specific diatom species as well as changes in species 

richness. The positive relationship between conductivity and richness reflected the 

understanding that increases in dissolved ionic particles such as calcium, iron, 

magnesium etc tends to enhance diatom richness. Conductivity has been used as an 

indicator of background nutrient supply regimes in streams, on the basis that ions that 

are not heavily used by benthic algae appear to be leached from rocks and soils in 

proportion to nutrients that may limit growth (e.g. phosphorus) (Biggs, 1996). Ions 

subsequently remain in the water, so can provide some evidence of nutrient availability 

even though the nutrients themselves do not remain in the water and may have been 

taken up by algae or microorganisms. Recently, a continental study of U.S. rivers 

proposed that high micronutrient supply was the most important determinant of higher 

diatom richness (Passy, 2010). Considering that conductivity is proportional to ion 

concentration, it is proposed that future studies should identify the concentration of 

various ion species and their bioavailability to benthic algae.  

The occurrence of diatom taxa also showed response to changes in pH in this study.  

The pH values ranged from 7.4 to 8.5 which indicates that the streams were moderately 

alkaline and in a relatively natural state. Benthic diatom communities have been shown 

to respond to changes in pH (Niyogi et al., 1999; Tang, Cai & Liu, 2006; Zalack, 

Smucker & Vis, 2010) and diatom species have been classified into six pH indicator 

groups in which alkaliphilous taxa mainly occur at pH >7 (Van Dam et al., 1994). 

Amphora veneta and Ulnaria ungeriana were only present in higher pH sites (>7.66) 

which has been reported to have a relatively high indicator value for pH (Van Dam et 

al., 1994; Sonneman et al., 2000). Moreover, the most common and abundant species 

Rhoicosphenia abbreviata is an alkaliphilous taxon that also had higher relative 

abundances in the sites with higher pH.  
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3.4.5 Nutrient and light resources driving diatom species abundance, 

evenness and diversity 

After the factors of flow disturbance and stressors determine the occurrence of diatom 

taxa in a community, resource competition arises between diatom species and 

subsequently modifies their relative abundance, evenness and diversity (Figure 3.11E). 

As the biofilm matrix develops, nutrients and light become limiting as all autotrophic 

organisms rely on these resources for growth (Meulemans, 1987; Roberts, Sabater & 

Beardall, 2004; Hill et al., 2011). As a result, the most competitively successful diatom 

taxa can dominate and reduce the survivorship, growth and reproductive capacity of 

other taxa. 

Nutrient concentrations were identified as the strongest selective factor influencing the 

relative abundance of diatom species in the benthic algal samples. In this spatial survey, 

higher concentrations of NOx and SRP reduced both diatom evenness and diversity. In 

effect, these elevated nutrient conditions led to a shift in the composition of the 

community which was driven by increasing dominance of just a few diatom taxa (R-

selection taxa in Biggs et al. (1998b)). This finding is consistent with other studies that 

have found that in nutrient-rich conditions, eutrophic diatom taxa grow quickly, 

dominate the community and thus reduce species evenness and diversity (Sonneman et 

al., 2001). This pattern was supported by two eutrophic species Cocconeis placentula 

and Rhoicosphenia abbreviata (Van Dam et al., 1994), which were present in all sites, 

but had substantially higher relative abundances in the more nutrient-rich sites.  

As species diversity comprises both evenness and richness, which often reflect 

independent components of diversity metrics (Soininen, Passy & Hillebrand, 2012), the 

mechanism causing lower diversity could also be due to low richness. In this study, 

richness was also observed to be lower in sites with higher nutrient concentrations. 

Although these differences were not statistically significant, a similar negative 

association between richness and nutrient concentrations has been found in other 

benthic algal communities (Biggs & Smith, 2002). The higher richness at sites with 

lower nutrient concentrations was in part driven by the presence of three N-fixing 

specialist taxa, Rhopalodia brebissonii, Rhopalodia novae-zelandiae and Rhopalodia 

operculata. Many studies have observed these patterns of higher numbers of N-fixing 

diatom taxa in low nutrient conditions, to compensate for the loss of eutrophic taxa that 

cannot survive in nutrient-limiting conditions (Geitler, 1977; Floener & Bothe, 1980; 
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Peterson & Grimm, 1992). In this current study these findings suggest that the regional 

species pool is adapted to oligotrophic conditions, and lower nutrient concentrations 

offer a wider niche for oligotrophic diatom taxa to coexist. In sites that are no longer 

oligotrophic, the higher nutrient concentrations represent a narrower niche in which just 

a few competitively dominant diatom taxa come to dominate the communities. 

The differences between diatom relative abundances among sites were found to be 

driven by light availability, which is consistent with previous research (Sonneman et al., 

2001; Bixby et al., 2009; Hill et al., 2011). In low light intensity sites, vertical 

development can be restricted by light limitation (understorey diatoms will be strongly 

light limited) while high light intensity sites enable the diatom community to develop 

vertically and to exhibit greater complexity in growth form (Bixby et al., 2009). 

Previous studies have shown that larger, high-profile taxa have a competitive advantage 

for light as their physiological characteristics allow them to reach the upper canopy over 

the shaded understory taxa below (Bixby et al., 2009; Hill et al., 2011). In this study, 

low-profile adnate taxa Achnanthes inflata and Gomphonema sp05 were dominant in 

low light habitats and a similar response of adnate taxa to low light environments has 

been found in other studies (Bixby et al., 2009; Hill et al., 2011). In contrast, chain-

forming Melosira varians was more abundant in high light sites suggesting they are 

light limited in low light sites. Three small motile diatom taxa Nitzschia frustulum, 

Nitzschia lacuum and Nitzschia paleaeformis were also more abundant at high light 

sites. The mobility of these Nitzschia spp. allows them to move to the upper story and 

access the limiting light resource. Furthermore, this characteristic may enable them to 

out-compete immobile taxa for the light resource. 

 

3.5 Conclusion 

The observed variability in the benthic algal community among sites was found to be 

driven predominantly by proximate environmental variables, which in turn are affected 

by climate and geology, the ultimate environmental variables. In the context of the 

conceptual diagram that underpins this spatial survey (Figure 3.11), no single 

environmental factor alone could be identified as the dominant driver of diatom 

community composition or aspects of the benthic algal community. Instead, the 

complex interaction of available resources (nutrients and light), disturbance (flow 
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velocity) and stressors (water quality) resulted in a wide range of benthic algal biomass 

and diatom community compositions.  

Nutrient concentrations alone explained the variability observed in benthic algal 

biomass, while nutrients and light together were the limiting resources that structured 

the relative abundance of diatoms. The flow conditions at any given site were largely 

driven by the wet-dry flow gradient that exists from east to west in the study area.  

Increasing flow velocity was likely acting as a drag force, controlling both benthic algal 

biomass and influencing diatom taxa occurrence. The gradients in stressors such as 

conductivity and pH also played important roles in shaping the distribution of diatom 

taxa.  

This study also identified the value of exploring the effect of individual environmental 

factors at the species or taxon level, as each species has unique ecological requirements 

and, therefore, responds differently to changes in the environmental drivers. Given this 

context, some taxa may prove to be useful bioindicators with respect to changes in one 

environmental parameter (e.g. flow) but may not respond well to changes in other 

parameters (e.g. nutrients). 

This study also demonstrated that biofilm biomass, diatom occurrence and diatom 

relative abundance varied in response to resource availability, flow disturbance and 

water quality stressors. In terms of bioindicator selection and monitoring opportunities, 

these findings should allow environmental managers to select appropriate benthic algal 

attributes that are likely to be sensitive to the specific environmental changes of interest. 

Indeed, wise selection of bioindicator taxa may help to minimise the uncertainty in 

monitoring data associated with the multiple responses of benthic algal communities.  
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Chapter 4 Flow disturbance drives temporal patterns in benthic 

algal community composition and biomass 

 

4.1 Introduction 

In stream ecosystems flow disturbance is a stochastic force that structures the benthic 

algal community (Stevenson, 1996b; Hart & Finelli, 1999; Biggs, Nikora & Snelder, 

2005; Death, 2010). The “network dynamics hypothesis” proposed by Benda et al. 

(2004) suggests that stochastic disturbance forces interact with hierarchical river 

networks to impose spatial and temporal heterogeneity on habitats in riverine 

ecosystems. In turn, the characteristics of hydrological disturbances, including 

magnitude, frequency, duration, timing and rate of change, are widely recognised as 

ecologically relevant metrics (Poff & Ward, 1989; Poff et al., 1997; Lake, 2000) (Figure 

4.1a). Variability in these flow metrics has ecological consequences across the spatial 

and temporal habitat mosaic in stream ecosystems (Poff et al., 1997; Biggs et al., 2005). 

As demonstrated in Chapter 3, base flow conditions at the site scale explain a significant 

proportion of the spatial variability in benthic algal communities in South-East 

Queensland upland streams. To further explore this role of flow variability in 

structuring benthic algal communities it is necessary to undertake temporal studies 

during a period of flow variability.  

Different attributes of the benthic algal community are sensitive to flow variability 

across different temporal scales - years, months or days (Biggs et al., 2005). For 

example, peak biomass of the whole algal community has been shown to occur between 

0.5 to 3 months (Stevenson, 1990; Biggs & Stokseth, 1996), while benthic diatom 

species have short generation times and growth rates that vary at the scale of days 

(Round, 1981; Round, Crawford & Mann, 1990). One of the challenges in studying the 

association between benthic algae and flow disturbance is to determine which temporal 

scales of flow are most relevant for the different aspects of the algal community (Biggs, 

1996; Biggs et al., 2005) as we know that identifying the most ecologically relevant 

hydrological metrics is an important step in understanding flow-ecology patterns (Bunn 

& Arthington, 2002; Margurran, 2007). 
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The short-term flow regime (month to days) reflects intra-annual hydrologic variability 

which can be used to characterise the disturbance events at a site prior to sampling 

(Biggs et al., 2005). Benthic algal dispersal and subsequent colonisation have been 

shown to be triggered immediately after a specific hydraulic threshold is exceeded, 

depending on their physiological and biological traits (Stevenson, 1996b; Wellnitz & 

Rinne, 1999; Dodds & Biggs, 2002; Larned, 2010). Therefore, short-term high flows are 

likely to be the most ecologically relevant metric influencing temporal variation in 

benthic algal biomass and the occurrence and abundance of diatom taxa (Figure 4.1).  

 

 

Figure 4.1 Conceptual diagram of flow disturbance influences on the benthic algal 

community. The long-term flow regime is likely to play a role in species recruitment, 

which in turn influences the spatial heterogeneity in the benthic algal community. The 

short-term flow regime is likely to be informative with respect to the hydraulic 

thresholds that influence the temporal variation in the benthic algal community. Flow 

regime also influences water quality and can thus have cascading effects on the 

structure of the benthic algal community. Insert (a) presents schematic hydrographs 

describing the ecological relevant metrics of high and low flow events.  
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The long-term flow regime (years) reflects inter-annual hydrologic variability acting as 

a sequence of ecologically relevant events (Poff et al., 1997; Biggs et al., 2005; Leigh et 

al., 2010). The magnitude, frequency and duration of flow events influences habitat 

complexity and individual species recruitment patterns (Ryder, Watts & Burns, 2006; 

Robson et al., 2008), and in turn, changes the frequency of local colonisation and 

extinction events (Peterson & Stevenson, 1989; Hart & Finelli, 1999; Lytle & Poff, 

2004) (Figure 4.1). Very high flow events (i.e. floods) may enhance habitat complexity 

(Poff, Voelz & Ward, 1990; Francoeur & Biggs, 2006) and potentially increase 

recruitment and species diversity. In contrast, very low flow events (i.e. naturally dry 

periods of low or zero flow) may restrict dispersal and recruitment processes and 

effectively decrease species diversity. Prolonged low flow conditions can lead to 

extended periods of longitudinal disconnection, isolation and, ultimately, local 

extinction. Whilst high flow and low flow events have strong structural consequences 

for the benthic algal community, many studies have shown that intermediate levels of 

flow disturbance result in peak diversity (Intermediate Disturbance Hypothesis 

(Connell, 1978)). For example, the highest diatom richness and diversity has been found 

at intermediate levels of flow intermittency due to increased habitat heterogeneity in a 

wide range of stream environments, including New Zealand cobble-based streams 

(Biggs & Smith, 2002), Arctic headwater streams (Parker & Huryn, 2011) and Antarctic 

desert streams (Stanish et al., 2012). Given the strong structural role of flow, the long-

term flow regime is likely to shape the occurrence of particular diatom taxa and, 

therefore, diatom diversity and taxonomic composition. 

In addition to the direct effects of flow variation, the flow regime also influences water 

quality and can thus have cascading effects on the ecological components of streams 

(Odum, Finn & Franz, 1979; Biggs, 1995; Murdock, Roelke & Gelwick, 2004; Wang, 

Shen & Xie, 2012). For primary producers like benthic algae, the effects can be 

synergistic and quite dynamic (Suren et al., 2003; Hill et al., 2011; Lange et al., 2011). 

For example, whilst flow can have positive effects on the algal community by 

increasing nutrient transport to cells (Keithan & Lowe, 1985), there can also be negative 

effects by dragging algal cells off substrata via shear stress (Francoeur & Biggs, 2006). 

These multiple (and competing) forces ultimately affect the abundance and composition 

of benthic algal communities. At present, most studies in this field have been lab-based 

or theoretical and there is surprisingly little field-based data available regarding the 
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different consequences of temporal flow variability and the sensitivity of the benthic 

algal community. 

Diatoms are the most abundant and diverse taxonomic group within the benthic algae 

(Round et al., 1990; Mann & Droop, 1996; Stevenson, 1996a). In previous studies, the 

growth forms of diatoms have been used to provide useful ecological insight about the 

structure, architecture and development of benthic algal communities (Hoagland, 

Roemer & Rosowski, 1982; Pringle, 1990; Cattaneo et al., 1997), as per the results 

presented in Chapter 3. Three growth forms have been classified as representing 

ecological guilds, characterised by Passy (2007), based on how they attach to substrata; 

these include ‘low-profile’, ‘high-profile’ and ‘motile’ forms . These guilds have been 

shown to have characteristic ecological profiles and differential responses to flow 

disturbances (Passy, 2007; Rimet et al., 2009; Berthon, Bouchez & Rimet, 2011). The 

‘low-profile’ form comprises taxa of short stature which are expected to have high 

resistance to flow disturbances. The ‘high profile’ form consists of taxa characterised by 

tall and large stature, while the ‘motile’ form includes fast moving taxa, which are 

expected to have the lowest resistance to flow disturbances. In addition to these broad 

growth forms, three stalk-forming genera Cymbella, Gomphonema and Gomphoneis, 

have been suggested to increase their mucilage production to resist flow disturbance 

(Peterson, 1987; Biggs & Hickey, 1994; Biggs, Goring & Nikora, 1998a).   

The aim of this chapter is to examine the temporal responses of benthic algal 

communities in subtropical streams during a period of high flow variability. 

Specifically, the focus was on the multi-scale effects of the short-term flow regime 

(days to months), the long-term flow regime (years) and local water chemistry (which is 

itself shaped by flow conditions) (Figure 4.1). Specifically, this chapter addresses the 

following questions: 

Q1. How do biofilm biomass and diatom community composition vary during the high 

flow variability period across four subtropical upland streams? 

Q2. Which environmental variables (i.e. short-term flow regime, long-term flow regime 

and local water quality and/or their interaction) best explain the observed (spatial and 

temporal) patterns in stream biofilm biomass and diatom community composition? 
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Q3. Do any diatom taxa and/or growth forms respond to the range of environmental 

conditions in a way that could be used to assess algal responses to changes in flow 

variability and/or water quality? 

 

4.2 Methods 

4.2.1 Survey Design 

This chapter examines the temporal variability of biofilm biomass and diatom 

community composition over the austral summer, a period that is characterised by high-

intensity and short-duration rainfall events (about 70% of the annual precipitation 

occurs between October and March) in South-East Queensland. Four third-order cobble-

based upland stream reaches were selected from the spatial survey presented in Chapter 

3, and were sampled weekly for an eight-week period between 28 January and 20 

March 2010. The presence of a flow gauge station within 20 km downstream of the 

stream reaches was the primary site selection criterion, as this enabled the quantification 

of the flow regime that was necessary in order to assess flow variability as the major 

physical driver of benthic algal community biomass and composition along a broad wet-

dry gradient in rainfall across the study region from east to west (Figure 4.2). Site codes 

followed the coding system used in Chapter 3 while sampling occasion codes are 

arranged in chronological order from T1 (the first occasion: 28 January 2010) to T8 (the 

eighth occasion: 20 March 2010).  

During the study period, high rainfall events resulted in substantial flow variability. 

Significantly, the intensity and duration of flow events differed between sites, 

presumably due to the spatial variability within the study area in terms of rainfall, local 

topography, soil type, vegetation type and ground water inputs (Figure 4.3). In addition 

to the emphasis on flow, the influence of site-specific water chemistry drivers that were 

shown to be influential in Chapter 3, were also assessed. Site details and conditions are 

presented in Chapter 2 (see Table 2.1) and site photos can be seen in Appendix A. 
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Figure 4.2 Location of study sites and stream gauging stations in the Logan and Albert 

catchments, South-East Queensland, Australia, where  benthic algal samples were 

collected between 28 January and 20 March 2010. 
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Site 4 

 

Site 13 

 

Figure 4.3 Photos showing changes in flow conditions at site 4 and site 13 during (a) 

base flow conditions at T2  (4
th

 February, 2010), and (b) event flow conditions at T6 (6
th

 

March, 2010).  

 

 

4.2.2 Field methods 

4.2.2.1 Collection of biofilm biomass and diatom assemblage 

As described in Chapter 3, algal communities (n=6) were sampled weekly for an eight-

week period from riffle areas within a 100 m study reach using standard protocols 

(Section 3.2.2.1).  

 

4.2.2.2 Hydrological characteristics 

Flow velocity and volumetric discharge, the most commonly used variables in most 

flow-biota studies (Larned, 2010), were used to characterise flow variability among 

sites and sampling occasions. At the sampling reaches, local flow velocity at each site 

was measured on each sampling occasion using a flow meter (Swoffer 2100). In 

addition, flow discharge on each sampling day was estimated by measuring flow 
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velocity and water depth along two cross sectional transects using a flow meter and 

ruler. 

Daily discharge data (ML/day) from the Department of Environment and Resource 

Management (DERM, 2012) at the four flow gauge stations downstream of each site 

were used to calculate antecedent flow statistics using the Time Series Analysis in the 

River Analysis Package (Marsh, Stewardson & Kennard, 2003). The short-term flow 

regime characterises the intra-annual variability in flow conditions, including potential 

disturbance events prior to sampling (Table 4.1). For this time scale, flow magnitude 

was quantified by the minimum, median and maximum flow statistics, to represent low 

flow, median flow and high flow thresholds, respectively. These three flow statistics 

were calculated for 3, 5, 7, 15 and 30 antecedent days relative to each sampling 

occasion to determine the most ecologically relevant temporal scales for each of the 

measured benthic algal attributes. 

The long-term flow regime (years) summarises the inter-annual variability in flow 

conditions and flow statistics were calculated in this study for 1 year preceding the 

sampling period (Table 4.1). The base flow index (calculated as the number of days of 

base flow/ total flow period) and the coefficient of variation (calculated as the standard 

deviation of daily discharge / mean daily discharge x 100) were used to characterise the 

long-term flow regime and flow variability. A base flow index value near 1 indicates 

that the flow remains relatively constant (often due to groundwater inputs), whereas a 

value near zero indicates variable flow due to storm events over the period considered 

(Grayson, 1996). For the purposes of this study, a high flow event was defined as a 

sharp increase in flow that had at least one mean daily flow peak greater than 3 times 

the average flow over the preceding 5 day (stable flow) period.   
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Table 4. 1 Summary of environmental variables measured at each benthic algal collection site and sampling occasion.  

 

Environmental sets Time frame Variables Units Code Flow description 

Short-term flow regime  

on sampling days                              
(measured by         

flow meter) 

i. Average velocity (flow meter) m/s velo   Magnitude 

ii. Maximum velocity (flow meter) m/s mvelo   Magnitude (high flow threshold) 

iii. Average discharge (flow meter) m2/s flod   Magnitude 

x3, x5, x7, x15, x30 
DAY preceding 
sampling days 

i. Minimum daily discharge ML/day min   Magnitude (low flow threshold) 

ii. Maximum daily discharge ML/day max   Magnitude (high flow threshold) 

iii. Median daily discharge ML/day med   Magnitude 

 
(A total of 15 metrics in the combination of day and flow magnitude. i.e. x3min, x3max, x3med, x5min, 
x5 max, x5med, x7min, x7max, x7med, x15min, x15max, x15med, x30min, x30max and x30med.)    

Long-term flow regime  
1 YEAR preceding 

sampling period 

i. Coefficient of variation - CV   Variation in magnitude 

ii. Base flow index - BFI   Frequency of base flow 

iii. Number of days with zero flow day Zer   Duration (extreme low flow event) 

vi. Number of days with low spell day LS   Duration (low flow event)* 

v. Number of days with high spell day HS   Duration (high flow event)* 

 

(A total of 5 metrics. i.e CV, BFI, Zer, LS and HS) 

Local water chemistry 
regime 

on sampling days 

i. Total oxidised nitrogen mg/L NOx - 

ii. Ammonium nitrogen mg/L NH4 - 

iii. Soluble reactive phosphorus mg/L SRP - 

vi. Conductivity µS/cm Cond - 

v. Turbidity NTU Turb - 

vi. pH - ph - 

NB * a low/high flow event was defined as a sharp increase in flow that had at least one mean daily flow peak greater than three times the 

average flow over the preceding 5 day stable flow period. 
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4.2.2.3 Water quality variables  

Duplicate measurements of conductivity, pH and turbidity were made weekly for an 

eight-week period from each site using a Sonde (YSI, 6920) and a portable turbidity 

meter (TPS, Brisbane). Duplicate ambient nutrient samples were collected and filtered 

through 0.45µm cellulose-acetate membranes to determine the concentration of 

dissolved inorganic nutrients, specifically: Total oxidised nitrogen (NO3-N), ammonium 

nitrogen (NH4-N) and soluble reactive phosphorus (SRP). All samples were stored on 

ice until returned to the laboratory where they were stored at -20°C until analysed. 

 

4.2.3 Laboratory methods 

4.2.3.1 Biofilm biomass analysis 

Each biofilm biomass sample was used to determine ash-free dry mass (AFDM) and 

Chlorophyll a (Chl a) using the standard protocols presented in Chapter 3 (Section 

3.2.3). The autotrophic index (AI) was then calculated as the AFDM: Chl a ratio 

(Weber, 1973; Collins & Weber, 1978; Biggs & Close, 1989) to determine the 

proportion of autotrophic and heterotrophic materials in each pooled biofilm sample. 

 

4.2.3.2 Diatom identification and counting procedure 

Diatom samples were prepared using the methods of Chessman et al. (1999) and 

diatoms on the permanent slides were identified and enumerated at 1000x magnification 

with oil immersion using the standard protocols outlined in Chapter 3 (Section 3.2.3.2). 

 

4.2.3.3 Water chemistry analysis 

Dissolved inorganic nutrient concentrations (mg/L) of total oxidised nitrogen (NOx), 

ammonium nitrogen (NH4) and soluble reactive phosphorus (SRP) were determined 

using the standard protocols outlined in Chapter 3 (Section 3.2.3.3). If nutrient 

concentrations were below the detection limit of 0.010mg/L, the value will hereafter be 

presented and analysed as 0.009mg/L. 
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4.2.4 Statistical Analyses 

4.2.4.1 Environmental variables 

Pearson correlation coefficients (r) were used to examine the degree to which short-term 

flow and local water chemistry variables were inter-related, using SPSS version 19 

(IBM, 2010 Armonk). To identify the dominant environmental variables during the 

study period, a principal components analysis (PCA) was performed to summarise all 

measured environmental variables and their inter-correlations. Vectors of measured 

environmental variables were overlain on the PCA ordination to provide an indication 

of which variables were associated with similarity between sites and sampling 

occasions. The PCA analysis was carried out in PRIMER v6.1.15 (PRIMER-E, 2012, 

Plymouth).  

 

4.2.4.2 Diatom growth form 

A diatom growth form approach was used to compare diatom communities between the 

study sites and sampling occasions. Growth forms were characterised on the basis of 

their attachment ability, as per their assignment in ecological guilds by previous authors 

(McGill, 2006; Passy, 2007; Virtanen et al., 2011). Three growth forms were identified 

(i) low-profile species including prostrate, adnate and small erect taxa (ii) high-profile 

species including large erect, chain-forming, tube-forming and stalked taxa, and (iii) 

motile species including fast moving motile taxa (see Table 4.4) according to (Passy, 

2007).  

 

4.2.4.3 Diatom summary diversity metrics 

To describe and summarize the diversity of the diatom community, species richness (S) 

and Shannon diversity index (H) (Shannon, 1948) were calculated using the DIVERSE 

function in PRIMER v6.1.15 (PRIMER-E, 2012, Plymouth). Although lacking in 

specific taxonomic detail, these summary metrics can be used to assess the generality of 

biodiversity responses to environmental changes (Stevenson, 1984; Sonneman et al., 

2001; Biggs & Smith, 2002). 
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4.2.4.4 Univariate patterns 

To examine the relative contribution of the short-term flow regime (1 day to 1 month), 

the long-term flow regime (1 year) and local water chemistry (see Table 4.1) on 

temporal patterns of biofilm biomass (i.e. AFDM, Chl a and AI) and diatom summary 

diversity metrics (i.e. diatom S and diatom J), four classification and regression trees 

(CART) were developed for each benthic algal attribute. These were (1) the short-term 

flow regime, (2) the long-term flow regime, (3) local water chemistry regime and (4) all 

regimes combined (to test interactions between different regimes). Untransformed site 

and sampling occasion averages (n=32) of benthic algal attributes and environmental 

variables were used in all of the regression tree analyses.  

The regression tree model, developed on the basis of binary recursive partitioning, splits 

the response variable data until subgroups become homogeneous and at each split 

(node) the data is partitioned into two groups by the best explanatory variable (De'ath & 

Fabricius, 2000; De'ath, 2002). Surrogate variables (Olshen et al., 1984) that displayed 

>0.8 percentage agreement with the best explanatory variable were also shown to 

minimise information loss. This approach can lead to a more complete understanding of 

dependencies and relationships within the data. The splitting process is continued on the 

resultant groups, allowing alternative explanatory variables to be selected at different 

levels (De'ath & Fabricius, 2000; De'ath, 2002). CART provides an elaborate over-fitted 

model, therefore, there is a need to “prune” the tree back to the desired size. The best 

predictive tree size was selected by cross-validation which accurately estimates 

prediction error for trees of a given size (Olshen et al., 1984) to avoid an overlarge tree 

with no improvement than a pre-specified splitting (De'ath & Fabricius, 2000). The best 

estimated predictive tree should be the tree which has the smallest estimated error 

(De'ath & Fabricius, 2000). To give the model ecological relevance, the most complex 

tree within 1 standard error (SE) of the best predictive tree was chosen in this study. For 

each regression tree model, the explanatory power was presented (calculated as 1 – 

relative error, in which the relative error is the percentage of unexplained variance). All 

univariate regression tree analyses were carried out in the R statistical package (R Core 

Development Team, 2011) using the RPART library. 
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4.2.4.5 Multivariate patterns 

To examine the relative contribution of the short-term flow regime (1 day to 1 month), 

the long-term flow regime (1 year) and local water chemistry (see Table 4.1) on 

temporal patterns of the diatom community, datasets of (1) presence/absence data and 

(2) relative abundance data, were used to generate a total of eight multivariate 

regression trees (MRT) (four were developed for each dataset). The four MRTs 

developed for each dataset were (1) the short-term flow regime, (2) the long-term flow 

regime, (3) local water chemistry and (4) all regimes combined (to test interactions 

between different regimes). All multivariate regression tree analyses were carried out in 

the R statistical package (R Core Development Team, 2011) using the MVPART 

library. 

Results of the MRTs were also displayed using nonmetric multidimensional scaling 

ordinations (NMDS) based on similarities in the diatom relative abundance dataset. A 

Bray-Curtis dissimilarity matrix was generated from the site x time averages (n=31, one 

missing data) by comparing the diatom community composition between sites and 

sampling occasions. NMDS output with stress values of less than 0.2 were considered 

appropriate for interpretation (Clarke & Warwick, 2001). In addition, vectors of (1) 

significant environmental variables (normalised) from the regression tree models, (2) 

diatom richness and diversity and (3) relative abundance of the three diatom growth 

forms were fitted and overlain on the NMDS ordination to provide insight as to which 

variables and taxa were associated (Pearson correlative multivariate statistics) with the 

dissimilarity between diatom community compositions. Similarly, a Spearman 

correlation cut-off of 0.6 was used to identify which diatom species were strongly 

associated with the observed similarities in diatom community composition on the 

NMDS ordination. Vector overlays can be useful as an explanatory tool when the 

vectors vary along the same direction as the diatom community in ordination space. 

Furthermore, vector length reflects the importance of that variable’s contribution to the 

particular direction. The ordination was performed using the PRIMER v6.1.15 

(Plymouth Marine Laboratory, Plymouth, U.K.). 
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4.3 Results 

4.3.1 Environmental characteristics 

All sites experienced relatively low and stable flow conditions during the first two 

weeks (T1 and T2) of the sampling period, up until the first rainfall-driven event, which 

occurred after T2 (Figure 4.4). The effects of this and other rainfall events were 

observed across all sites as an increase in velocity and increased variability in discharge 

for the remainder of the sampling period (T3-T8). However, the intensity and duration 

of high flow events varied between sites presumably due to spatial variability in rainfall, 

local topography, soil type and the relative importance of groundwater inputs.  

The study sites differed in their long-term flow regimes and local water chemistry, with 

each site displaying specific characteristics (Table 4.2a and b). There were no consistent 

trends in the rise and fall of local water chemistry variables over time. However, short-

term flow variability was negatively correlated with SRP (p<0.05) and conductivity 

(p<0.05) suggesting that elevated flow events may increase SRP and conductivity 

(Table 4.2c).  

 
Figure 4.4 Short-term hydrographs of mean daily discharge (from 3 months prior to the 

end of sampling) and average velocity (x) on sampling days for (a) sites 4, (b) site 6, (c) 

site 8 and (d) site 13. X-axis tick mark unit = 7 days. 
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Table 4. 2 Summary of (a) the long-term flow regime and (b) the range of local water chemistry variables, from 4 sites sampled weekly for 

8 weeks between 28 January and 20 March 2010 in subtropical Australia. (c) Correlation matrix (Pear, two-tailed) showing the degree to 

which the measured local water chemistry and short-term flow variables were inter-related (*p<0.05; **p<0.01). 

 

 

(a) Long-term flow regime           

 
Site CV BFI Zer LS HS 

 

 
4 3.33 0.31 5 7 4 

 

 
6 2.64 0.37 12 8 4 

 
 

8 2.43 0.39 0 5 3 
 

  13 2.71 0.29 16 7 4 
 

(b)Local water chemistry regime  
    

 
Site NOx (mg/L) NH4 (mg/L) SRP (mg/L) 

Conductivity  
(µS/cm) 

pH Turbidity (NTU) 

 
4 0.039 - 0.114 0.009 - 14.4 0.013 - 0.024  76.9 - 115.9 7.1 - 9.5 0.0 - 1.1 

 
6 0.028 - 0.110 0.009 - 0.013 0.010 - 0.030 68.7 - 98.9 6.9 - 7.6 0.0 - 0.7 

 
8 0.021 - 0.108 0.009 - 0.026 0.010 - 0.016 64-9 - 94.5 6.8 - 7.9 0.0 - 2.4 

  13 0.009 - 0.115 0.009 - 0.040 0.009 - 0.016 68.8 - 98.7 6.4 - 7.6 0.0 - 8.4 

(c) Correlation between water chemistry variables and  flow variables on sampling days (n=32) 

  
NOx  NH4 SRP Conductivity pH Turbidity 

 
Av. velocity -.312 -.116 -.555** -.474** -.266 .000 

 
Max. velocity -.241 -.090 -.442* -.418* -.339 -.006 

  Av. Discharge -.217 -.111 -.500** -.500** -.371* .002 
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As with the multi-scale effects of the short-term flow regime, the long-term flow regime 

and local water chemistry were not expected to operate independently; and, coupled 

with the fact that temporal patterns in environmental data are often complex, the suite of 

measured variables was further explored using PCA to search for multiple 

environmental drivers contributing to temporal habitat patterns across all study sites. 

The short-term flow regime was found to drive a general temporal shift in 

environmental characteristics among all sites during the eight-week sampling period 

(Figure 4.5a). PC1 explained 40.6% of the variation and was strongly associated with 

short-term flow variables. Sampling times T1 and T2, which were dominated by base-

flow conditions, clustered closely in ordination space suggesting very similar 

environmental characteristics at all sites during the first two weeks of the sampling 

period (Figure 4.5a). At the onset of the high rainfall and elevated discharge conditions, 

from T3 onwards, there was a distinct shift in environmental conditions and this can be 

seen as a shift along PC1 (Figure 4.5a).   

PC2 explained a further 15.6% of the variation and was associated with site-specific 

environmental characteristics within the study period (Figure 4.5b). The four sites were 

slightly separated along the PC2 axis and the vector overlay suggests that long-term 

flow variables and local water chemistry were associated with differences between the 

sites. In terms of the long-term flow regime, site 13 had the most hydrologically 

disturbed habitat with the lowest frequency of base flow (BFI) and highest duration of 

zero flow days (Zer) among the sites (Table 4.2a). In terms of local water chemistry, 

sites 4, 6 and 8 had comparatively elevated nutrient concentrations compared with site 

13, a result which was also observed in the spatial analysis conducted in Chapter 3. 
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Figure 4.5 Principal components analysis (PCA) of environmental variables among 

four sites, sampled weekly for 8 weeks between 28 January and 20 March 2010. The 

Pearson correlation (normalised data) showing (a) temporal variation with vectors of the 

short-term flow variables and (b) site variation with vectors of the long-term flow 

variables and local water chemistry. The circle represents a vector correlation of 1. 
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4.3.2 Biofilm biomass 

The Chl a concentration of biofilm samples ranged from 0.18 to 16.31 mg/m
2
 and the 

AFDM ranged from 0.08 to 4.98 g/m
2
 across the four sites during the study period 

(Figure 4.6). The AI ranged from 190 to 927. At sites 4 and 6, biofilm biomass varied 

substantially through time, with Chl a and AFDM decreasing sharply after T4, at which 

point the AI also shifted from mixed autotrophic/ heterotrophic (AI<400) to 

heterotrophic dominance (AI>400). In contrast to sites 4 and 6, the variability of biofilm 

biomass and AI was much lower at sites 8 and 13. 

Twelve regression tree models were generated in the combination for three biofilm 

biomass attributes (i.e. Chl a, AFDM and AI) and four environmental variable sets (i.e. 

the short-term flow regime, the long-term flow regime, local water chemistry and all 

variables combined) based on the data from each site and sampling occasion (n=32) 

(Table 4.3). In general, the models for Chl a had higher explanatory power (25.5% to 

61.5%) than did the models for AFDM (26.0% to 44.21%) and AI (20.4% to 50.8%)  

(Table 4.3).  

The short-term flow regime appeared to be the most important environmental variable 

set influencing biofilm biomass during the course of the study, explaining between 

44.2% and 61.5% of the observed variation. In particular, 30 day minimum flow 

(x30Min), which was negatively associated with biofilm biomass, was the best 

explanatory variable. The long-term flow regime, which was strongly influential at the 

site scale given the site differences, was the second most important data set, explaining 

from 26.8% to 35.2% of the variability in measured algal biomass. The local water 

chemistry, again strongly influenced by site differences, was positively associated with 

benthic algal biomass, and explained between 20.4% and 26.0% of the variation in 

biomass during the study period.  

When all environmental variables are included in the combined models, the 30 day flow 

variable was still the best variable explaining temporal changes in algal biomass. In 

addition, the 30 day flow variable interacted with the long-term flow regime to further 

explain variation in the AFDM model. Similarly, the 30 day flow variable combined 

with NOx to increase the amount of variation explained in the AI model.  
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Figure 4.6 Mean (± s.d.) values of biofilm (a) Chl a, (b) AFDM and (c) AI for four sites 

sampled weekly for 8 weeks between 28 January and 20 March 2010.  
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Table 4.3 Regression tree model statistics showing explanatory power (%), significant environmental variable(s) with positive (+) or 

negative (-)  associations for Chl a, AFDM and AI using four environmental variable data sets of a) the short-term flow regime, b) the 

long-term flow regime, c) local water chemistry and, d) all variables combined. 

 

Environmental variable set 
Chlorophyll a         Ash-free dry mass         Autotrophic index       

% Variables   % Variables   % Variables 

a) The short-term flow regime 61.5% x30Min (59.8%)(-) 
 

44.2% x30Min (41.3%)(-) 
 

45.5% x30Med (27.5%)(+) 

   
x3Max (1.7%)(-) 

  
x15Max (2.9%)(-) 

  
x7Min (18.0%)(+) 

          
b) The long-term flow regime 26.8% LS (18.0%)(+) 

 
31.4% CV (17.2%)(+) 

 
35.2% BFI (17.6%)(-) 

   
BFI (8.8%)(+) 

  
BFI (14.2%)(+) 

  
HS(17.6%)(-) 

          
c) Local water chemistry 25.5% SRP(+) 

 
26.0% SRP(+) 

 
20.4% NOx (17.4%)(-) 

         
SRP (3.0%)(-) 

          
d) All variables combined 61.5% x30Min (59.8%)(-) 

 
44.4% x30Min (41.3%)(-) 

 
50.8% x30Med (27.5%)(+) 

      x3Max (1.7%)(-)     Zer (3.1%)(+)     NOx (23.3%)(-) 
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4.3.3 Diatom community composition 

A total of 140 diatom taxa (from 41 genera) were identified from 93 samples across the 

4 study sites during the eight-week sampling period (Table 4.4) The 10 most abundant 

species comprised 71% of the total abundance of diatoms. The most abundant species 

was Gomphonema minutum (15.4%), which was dominant at site 13 (minimum of 48% 

relative abundance at each sampling occasion), yet only occurred occasionally at all 

other sites. Rhoicosphenia abbreviata (14.8%) and Cocconeis placentula (13.7%) were 

both abundant and common taxa, occurring in all study sites and on each sampling 

occasion. Other commonly occurring species included Gomphonema parvulum, 

Navicula cryptotenelloides, Achnanthes oblongella and Encyonema minutum. The 

complete list of species names and their authorities, along with their mean relative 

abundance are provided in Appendix D. 

 

Table 4.4 Genus, number of species (including varieties) and growth forms of diatoms 

identified from biofilm samples collected from four sites sampled weekly for 8 weeks 

between 28 January and 20 March 2010 in subtropical Australia.  

Genus No. of species Growth form*   Genus No. of species Growth form* 

Achnanthes 7 1 

 
Mastogloia 1 3 

Achnanthidium 3 1 

 
Melosira 2 2 

Amphora 5 1 

 
Navicula 18 3 

Bacillaria 1 3 

 
Nitzschia 20 3 

Caloneis 2 3 

 
Pinnularia 2 3 

Cocconeis 1 1 

 
Planothidium 5 1 

Craticula 1 3 

 
Pleurosigma 1 3 

Ctenophora 1 2 

 
Pseudostaurosira 1 2 

Cymbella 5 1 

 
Rhoicosphenia 1 1 

Diadesmis 1 2 

 
Rhopalodia 4 3 

Diploneis 1 1 

 
Rossithidium 1 1 

Encyonema 3 1 

 
Sellaphora 1 3 

Eolimna 1 3 

 
Stauroneis 1 3 

Epithemia 3 3 

 
Stenopterobia 1 3 

Eunotia 2 2 

 
Surirella 4 3 

Fragilaria 4 2 

 
Synedra 4 2 

Gomphonema 20 2 

 
Tabellaria 1 2 

Gyrosigma 1 3 

 
Tabularia 3 2 

Hippodonta 1 3 

 
Tryblionella 1 3 

Karayevia 1 1 

 
Ulnaria 3 2 

Luticola 1 3         
*Growth form 1=low-profile, 2=high-profile and 3=motile. 
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The most diverse genera, in descending order, were Gomphonema (20 species with 25% 

abundance), followed by Nitzschia (20 species with 8% abundance) and Navicula (18 

species with 6% abundance) (Table 4.4). In terms of growth form categories, the most 

abundant group was the low-profile group (34 species with 43% abundance), followed 

by the high-profile group (42 species with 39% abundance) and the motile group (18 

species with 18% abundance).  

 

4.3.3.1 Summary diversity metrics 

Across all four sites and the eight week sampling period the species richness of diatoms 

ranged from 9 to 40 and the Shannon diversity ranged from 0.47 to 3.17 (missing data at 

sampling time T5 for site 13). In sites 4 and 6, richness declined sharply after sampling 

time T4 (Figure 4.7).  This trend maps the observed decrease in Chl a and AFDM and 

the shift of the community to heterotrophic dominance at the same time (Figure 4.6). In 

comparison, richness and diversity were relatively constant at sites 8 and 13.  

All of the diversity regression tree models had higher explanatory power than did the 

models for richness (Table 4.5). The long-term flow regime was the most influential and 

dominant environmental variable set shaping both patterns of richness (60.2%) and 

diversity (63.6%), with diatom richness and diversity both positively associated with the 

base flow index (BFI). This association suggests that as the number of base flow days 

increases (i.e. no interruptions to base flow from flow events or loss of flow altogether), 

so too does richness and diversity. The combined models showed the same result, 

further indicating that the site specific long-term flow regime has an overriding effect 

on diatom richness and diversity patterns, with no interaction with other environmental 

variables. On top of the patterns observed for the long-term flow regime, the short-term 

flow regime was negatively associated with richness and diversity while both pH and 

NOx concentrations were positively associated with richness and diversity (Table 4.5).  
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Figure 4.7 Mean (± s.d.) values of diatom  (a) species richness, and (b) Shannon 

diversity index from four sites sampled weekly for 8 weeks between 28 January and 20 

March 2010. Missing data at T5 in site 13. 

 

 

 

 



Chapter 4 

90 

 

Table 4.5 Regression tree model statistics showing explanatory power (%) and  

significant environmental variable(s) with positive (+) or negative (-) associations for 

diatom species richness and diversity (Shannon diversity index) using four 

environmental variables sets, a) the short-term flow regime, b) the long-term flow 

regime, c) local water chemistry and d) all variables combined.  

Environmental variable set 
Richness   Diversity 

% Variables   % Variables 

a) 
The short-term flow 
regime 

32.5% x30Med (26.6%)(-) 
 

40.8% x15Min (31.6%)(-) 

   
x5Min (5.9%)(-) 

  
x30Min (9.1%)(-) 

       
b) 

The long-term flow 
regime 

60.3% BFI (42.4%)(+) 
 

63.6% BFI(+) 

   
CV (17.8%)(-) 

   
       
c) 

Local water chemistry  
24.8% pH (14.1%)(+) 

 
44.3% pH (29.0%)(+) 

  
NOx (10.7%)(+) 

  
NOx (15.3%)(+) 

       
d) All variables combined 60.3% BFI (42.4%)(+) 

 
63.6% BFI(+) 

      CV (17.8%)(-)       

 

 

4.3.3.2 Species composition 

Two multivariate regression tree models had similar significant environmental variables 

but varied in their explanatory power (Table 4.6). Since all relative abundance models 

had higher explanatory power than the presence/absence models, the relative abundance 

model was used for further analyses to examine temporal patterns in diatom 

communities. The regression tree model initially split the diatom communities into two 

main groups based on the number of days with zero flow in the antecedent year (Zer). 

This split explained 87.2% of the community composition variance as follows: Group A 

with <14 days zero flow (site 4, site 6 and site 8) and Group B with >14 days zero flow 

(site 13). A similar separation between these Groups A and B was also observed in 

terms of local water chemistry variables (explaining 59.3% variance) and short-term 

flow regime (explaining 37.3% variance), in which Group A had higher SRP 

concentrations (above 0.01mg/L) and lower local flow velocity (below 0.385m/s) than 

did group B during the study period.  
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Table 4.6 Multivariate regression tree model statistics showing explanatory power (%), 

significant environmental variable(s) and the critical value that splits diatom 

presence/absence and relative abundance datasets using the four environmental 

variables sets, a) the short-term flow regime, b) the long-term flow regime, c) local 

water chemistry and d) all variables combined. 

Environmental 
variable set 

Presence/absence   Relative abundance 

% Variables Split   % Variables Split 

a) Short-term flow 
regime 

26.6% velo 0.385m/s 
 

37.3% velo 0.385m/s 

        
         
b) Long-term flow 

regime 
68.7% Zer (49.2%) 14 day 

 
87.2% Zer (70.1%) 14 day 

  
CV (19.5%) 2.6025 

  
BFI (6.8%) 0.2495 

       
CV (5.7%) 2.6025 

 
      

HS (4.6%) 3.5 day 

         c) Local water 
chemistry regime 

40.8% SRP 0.005mg/L 
 

59.3% SRP 0.005mg/L 

        
         
d) Combined 68.7% Zer (49.2%) 14 day 

 
87.2% Zer (70.1%) 14 day 

   
CV (19.5%) 2.6025 

  
BFI (6.8%) 0.2495 

       
CV (5.7%) 2.6025 

              HS (4.6%) 3.5 day 

 

 

Number of days with zero flow in the antecedent year not only classified diatom 

assemblages into Group A and B, but also formed a gradient among sites ranging from 

no zero flow days (site 8) to 16 zero flow days (site 13) (see Table 4.2). The species 

richness of two stalk-forming diatom genera Cymbella (r = 0.43) and Gomphonema (r = 

0.95), which have been observed to grow mucilage in response to low flow, were 

positively correlated with increasing number of zero day flows (Figure 4.8). 
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Figure 4.8 Species richness of two mucilage stalk-forming diatom genera 

(Gomphonema and Cymbella) from four sites sampled weekly between 28 January and 

20 March 2010, along a gradient of zero flow days in the antecedent year.  

 

 

The NMDS ordination based on the relative abundance dataset also showed a clear 

separation between Groups A and B as seen in the multivariate regression tree (Figure 

4.9a). All sites within Group A demonstrated a unidirectional trend throughout the study 

period, particularly with respect to the tendency of changes after T4 that aligned 

positively along the time vector (Figure 4.9a). However, the vector overlay suggested 

that this directional temporal change was not strongly correlated with any significant 

environmental variables in the multivariate regression tree models as no clear alignment 

was observed. Instead, species richness (rich vector) and diversity (div vector) vectors, 

which aligned negatively along the time vector, were highly correlated with the 

observed temporal shift in the diatom community composition (Figure 4.9a). This trend 

followed the observed decline in richness and diversity after T4 along with a decrease in 

Chl a and AFDM and a shift towards heterotrophic dominance at the same time (see 

Figure 4.6 and Figure 4.7). In contrast, Group B showed no clear or consistent temporal 

trajectory during the sampling period (Figure 4.9a).  
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Figure 4.9 Nonmetric Multi-dimensional scaling (NMDS) ordination based on diatom 

species relative abundance from weekly sampling events over 8 weeks from 28 January 

and 20 March 2010. Vectors show significant correlations (Pearson) with (a) srp, flomv, 

Zer, rich, div and time (normalised), (b) growth form vectors, and (c) 29 diatom species 

that correlate strongly (Spearman correlations >|0.6|) with the NMDS. The circles 

represent a vector correlation of 1.  

 



Chapter 4 

94 

 

Changes in the diatom communities were also observed using the growth form 

approach. Significantly, the temporal shift in Group A diatom communities was 

strongly associated with an increased relative abundance of low-profile taxa and a 

decreased abundance of motile taxa (Figure 4.9b). Vector overlays of diatom taxa 

suggested that the increase in abundance of low-profile taxa was mainly driven by two 

common species Rhoicosphenia abbreviata and Cocconeis placentula (Figure 4.9c). At 

the same time, a decrease in the relative abundance of motile taxa Eolimna 

subminuscula, Nitzschia frustulum, Nitzschia lacuum and Nitzschia palea was also 

observed throughout the sampling period (Figure 4.9c).  

In contrast, the diatom community in Group B was dominated by high-profile taxa 

(Figure 4.9b). This result was driven by the dominance of Gomphonema minutum at all 

sampling occasions (>48%) and the higher relative abundances of Fragilaria capucina 

var. gracile, Fragilaria capucina var. capucina, Fragilaria capucina var. rumpens, 

Ulnaria ungeriana (high flow indicator species identified in the spatial survey (Chapter 

3)) and Gomphonema sp06, relative to Group A, throughout the study period (Figure 

4.9c). Moreover, two species with endosymbiotic cyanobacteria (Epithemia adnata and 

Rhopalodia novae-zelandiae) were more abundant within Group B, which was 

characterised by a site (site 13) that was relatively nutrient-poor (Figure 4.9c). 

As temporal patterns in Group A and B were different, the relative abundance and 

species richness of diatom taxa were further explored using the growth form approach 

(Figure 4.10). In Group A, low-profile taxa increased in relative abundance after 

sampling time T2 and dominated the communities after T4 (Figure 4.10a-c). In terms of 

richness, the three growth forms had similar trends in the rise and fall over the eight 

weeks, with motile taxa maintaining the highest richness on most sampling occasions 

(Figure 4.10e-g). In contrast for Group B, the dominance of high-profile taxa in both 

abundance and richness remained stable during the study period (Figure 4.10d and h).   
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Figure 4.10 Temporal variation in diatom relative abundance (a-d) and species richness 

(e-g) of three growth forms (low, high and motile) from four sites sampled weekly for 8 

weeks between 28 January and 20 March 2010. Missing data at T5 in site 13. 
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4.4 Discussion 

The network dynamics hypothesis (Benda et al., 2004) suggests that stochastic 

disturbances interact with the spatial structure of river networks to generate patterns of 

habitat heterogeneity in headwater streams, and extend along longitudinal river profiles 

and throughout entire watersheds. This temporal study was conducted during a period 

that is typically characterised by having high flow variability as a particular type of 

stochastic disturbance force. The results present evidence that spatial and temporal 

patterns in biofilm biomass and diatom community composition in four subtropical 

upland streams were largely controlled by the stochastic disturbance force interacting 

with the hierarchical river network. The short-term flow regime at a site was the 

predominant driver of temporal variation in the benthic algal communities during the 

study period while the long-term flow regime was the major driver of the spatial 

differences between the four sites. Dissolved nutrient concentrations also played 

significant roles in shaping the communities across the different sites. 

 

4.4.1 Short-term flow variability drives temporal changes in algal attributes 

A general short-term flow pattern was observed during the eight-week sampling period 

across all sites, with increasing flow variability from sampling time T3 to T8 mainly 

driven by a series of rainfall events. The resultant flow changes were expected to 

influence aspects of the benthic algal community, as most community changes occur 

immediately after a specific hydraulic threshold is exceeded (Stevenson, 1996b; Larned, 

2010). Biofilm biomass, diatom summary diversity metrics and taxonomic composition 

all responded to these short-term changes in flow, suggesting that the specific hydraulic 

thresholds for each attribute were exceeded during the study period. In particular, 

biofilm biomass responded to flow variability at the time scale of weeks, while diatom 

species changes were more sensitive to a time scale of days. The scales at which benthic 

algal community attributes respond to short-term flow variability are summarised in 

Figure 4.11. 
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Figure 4.11 Schematic conceptual diagram of the responses of benthic algal community 

attributes to the short-term flow regime, particularly with respect to measures of (A) 

local velocity and (B) 30 day antecedent flow magnitude.  

 

 

4.4.1.1 Decrease in algal biomass in response to 30 days antecedent flow 

It was anticipated that biofilm biomass sampled prior to the onset of the flow events (T1 

and T2) would be higher than those sampled after the flow events (T3 to T8). 

Interestingly, the expected decrease in algal Chl a concentrations did not occur after the 

first flow event (after T2), but did occur at sites 4 and 6 following the larger flow event 

observed after T4. This suggests that the hydraulic threshold to shear algal biomass 

from the substratum may not have been reached after the first flow event prior to T3. 

Instead, the threshold may have been exceeded during a range of high flow events of 

different magnitudes, frequencies, durations in the period up to 30 days prior to any 

given sampling occasion (Figure 4.11A). In addition, the lack of consistency in 

observed effects of flow at specific velocities at all sites indicates that other local 

environmental factors probably moderate the effects of flow on benthic algae 

communities.   
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According to theories of algal community responses to stress, biomass should be less 

sensitive than species composition to environmental stress because communities can 

adapt to environmental stress by changing their species composition (Stevenson, 1997; 

Stelzer & Lamberti, 2001). Given that Chl a is a bulk autotrophic measurement of algal 

material in samples, it is possible that taxonomic replacement by flow resistant taxa 

may have occurred after T2, but that these changes did not lead to a measurable change 

in biomass. As a result, the hydrological variation up to 30 days prior to the sampling 

occasion was a better time measure in terms of explaining the variation of this relatively 

coarse measure of bulk autotrophic biomass. 

There is some evidence of a shift in the assemblage from a mixed 

autotrophic/heterotrophic assemblage (AI<400) to a heterotrophic dominated 

assemblage (AI>400) after T4. This finding is contrary to the observation that the less 

coherent forms that comprise the heterotrophic component of AFDM are more 

susceptible to loss from shear stress compared with the living autotrophic components 

(Chl a) of the biofilm (as per the results presented in Chapter 3). Biggs and Hickey 

(1994) suggested that some diatom taxa could increase the length of their mucilage stalk 

in response to elevated flow conditions. It is possible that the accumulation of 

polysaccharide mucilage could contribute to the biomass of the heterotrophic 

component of the biofilm and be part of the shift towards an assemblage dominated by 

heterotrophs observed in the current study. However, this interpretation remains 

speculative at present and more work is required to determine the degree to which these 

types of physiological responses to elevated flows happen in a broader range of diatom 

taxa.  

 

4.4.1.2 Dominance of low-profile diatom taxa during high-flow variability period 

Among all of the short-term flow metrics, local flow velocity on each sampling day was 

the best flow metric for explaining diatom taxonomic composition (Figure 4.11B), 

while 30 days antecedent flow was the best flow metric for explaining diatom summary 

diversity metrics (Figure 4.11A).  Obviously, local flow velocity provides a better 

representation of shear stress than other hydrologic measures (i.e. 30 days antecedent 

flow) derived from the data collected from stream flow gauges, especially when the 

gauges are some distance downstream from the study sites. As discussed in the biomass 
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section above, taxonomic replacement by flow resistant taxa may have occurred shortly 

after a flow event but these changes may not have led to a measurable change in 

diversity metrics. It is, therefore, not surprising that diatom taxonomic composition is 

more sensitive to this finer time scale flow metric as shear stress directly affects the 

occurrence and abundance of diatom species. 

During the eight week sampling period, a general temporal shift in diatom taxonomic 

composition was highly correlated with a decrease in overall species richness and 

diversity at sites 4, 6 and 8 (Group A). Whilst this was observed in both the relative 

abundance and presence/absence datasets, the analyses for the relative abundance 

dataset were more powerful than those generated from the presence/absence dataset. 

This is not surprising given that relative abundance data is considered a more 

informative community response variable as it involves not only changes in the 

occurrence of different species but also shifts in the abundance of species. Similarly, 

diversity, which incorporates components of richness and evenness, also showed 

stronger responses to changes in environmental drivers than did species richness 

measures alone. 

It was hypothesized that the relative abundance and species richness of low-profile taxa 

would increase after the flow events due to their higher resistance to sheer stress  

relative to high-profile and motile taxa (Biggs & Close, 1989; Peterson, 1996; Biggs et 

al., 1998a). As expected, low-profile taxa did increase in their abundance in the post-

flow communities, while high-profile and motile taxa decreased in abundance following 

flows in Group A. These measured responses of diatom growth forms to flow events are 

consistent with the predictions of Passy (2007), who suggested that the flexibility of 

taxa to resist changes in flow is an important determinant of species compositional 

changes after flow events. Indeed, two common low-profile taxa, Rhoicosphenia 

abbreviata and Cocconeis placentula, increased in abundance after the flow events and 

dominated their communities in the latter stages of the study. These two taxa are known 

to be the first to colonise bare substrates, just after the bacteria and before high-profile 

taxa (Hoagland et al., 1982; Stevenson, 1996b) and are also able to resist moderate 

sheer stresses that high-profile and motile taxa cannot tolerate. Simultaneously, the 

pennate motile taxa Eolimna subminuscula, Nitzschia frustulum, Nitzschia lacuum, 

Nitzschia palea and Navicula schroeterii all declined in their relative abundance in 

Group A after the flow events following T2. 
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Richness and diversity were further explored using the growth form approach, and 

surprisingly, motile taxa had the highest richness on most sampling occasions in Group 

A. This is contrary to the hypothesis that more low-profile taxa would be found due to 

their high resistance to flow disturbances. This finding suggests that perhaps motile taxa 

have similar attachment abilities as low-profile taxa for survival, but probably not for 

colonisation, during the high flow variability period. Although the motile taxa had the 

highest richness of the profile groups none of the motile species were able to dominate 

the communities. On the other hand, low-profile taxa, which were fewer in number, 

were able to dominate the abundance of diatom communities due to their capacity to 

exploit cleared substrate for colonisation and out-compete for nutrient resources to grow 

immediately following the flow events. In Chapter 3, flow (i.e. disturbance) was shown 

to control the occurrence of diatom species, while the concentration of nutrients (i.e. 

resource) acted to modify their abundance and explained the spatial variation in the 

diatom community among sites. Together, these finding suggest that factors affecting 

species dominance, such as competition for nutrients, may play an important role in 

maintaining species evenness in diatom communities.  

 

4.4.2 The long-term flow regime drives site-specific patterns of benthic algal 

communities 

Another aspect of this study was to explore how the short-term flow regime, the long-

term flow regime and local water quality and their interactions influence the observed 

patterns in stream benthic algal communities in subtropical upland streams. Importantly, 

all of the sites came from the same broad subtropical region (Chapter 2) but had 

different long-term flow regimes, presumably due to differences in rainfall and 

groundwater contributions to base flow, although there is currently insufficient data for 

these systems to quantify the role of groundwater inputs. Studies elsewhere have 

suggested that site-specific topography, soils, vegetation cover and groundwater input 

change the storage amount and timing of how precipitation contributes to flow in 

streams, which in turn influences the variability in flow magnitude, frequency, duration 

and rate of change at different sites (Poff et al., 1997; Biggs et al., 2005) and more work 

is required to tease apart these influences for the sites used in this study.  
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4.4.2.1 Antecedent duration of zero flow events driving changes in richness of two 

potential desiccation-resistant genera  

Regardless of the mechanisms involved, the differences between flow regimes among 

the sites were mainly driven by differences in the duration of zero day flows and 

separated into Group A (site 4, 6 and 8) and Group B (site 13). Days of zero flow in the 

antecedent year was found to be a significant driver of algal community composition 

(Figure 4.12). The influence of zero flow events was presumably driven by the 

restricted dispersal and recruitment processes during no flow periods, resulting in a loss 

of community similarity and potential loss of some taxa through desiccation. The effect 

of this low flow disturbance tended to intensify with increasing duration and can be 

distinguished as a press or ramp disturbing force, in contrast to high flow disturbance, 

which is commonly characterised as a pulse force (Lake, 2000; Lake, 2003; Rolls, 

Leigh & Sheldon, 2012). Zero flow events with longer duration will, therefore, have 

more significant ecological effects than shorter duration events.  

There was a consistent and strong positive association through all sites between the 

duration of zero flows in the antecedent year and the species richness of two potentially 

desiccation-resistant mucilage stalk-forming genera - Cymbella and Gomphonema. An 

increase in mucilage production in response to flow stress has been reported from a 

range of studies (Peterson, 1987; Cattaneo, 1990; Biggs & Hickey, 1994) and Peterson 

(1987) suggested that the accumulation of mucilage stalks could assist with hydration 

during periodic desiccation. In contrast, Biggs & Hickey (1994) found an increase in 

mucilage stalk length of Cymbella and Gomphonema in high flow velocities, and 

attributed this response to a smoothing out of surface irregularities to reduce shear 

stress. To summarise, Biggs & Hickey (1994) suggested that some diatom taxa 

(particularly Cymbella, Gomphonema and Gomphoneis) are capable of actively 

responding to all types of flow stress, including the extremes of drought and flood, 

through mucilage production. Although no mucilage information was collected in this 

study, elongation through mucilage production by Cymbella and Gomphonema taxa is 

likely to be an efficient adaptation strategy to withstand extended periods of desiccation 

that are common in the dry season in this study region. From a community perspective, 

longer duration of zero flows could cause the local extinction of desiccation-sensitive 

taxa and increase the number and abundances of desiccation-resistant taxa. Based on the 

findings of this study and the hypotheses generated from the studies cited above, future 
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studies should incorporate aspects of algal physiology, especially measures of mucilage 

production, to aid in the interpretation of diatom responses to disturbance (flow 

variability) and stress (desiccation). 

 

 

 

Figure 4.12 Schematic conceptual diagram of the responses of benthic algal community 

attributes to aspects of the long-term flow regime, particularly with respect to measures 

of antecedent duration of zero flow (C). 
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4.4.2.2 Pre-flow diatom composition determines resistance to high flow variability 

Throughout this study, the highest flow variability was observed at site 13 which was 

also characterised by having a relatively constant biomass, diversity and diatom 

community composition. These findings suggest that the algal community at site 13 was 

more resistant to change throughout the sampling period. Laboratory experiments have 

observed that benthic algal communities display different responses  to increases in 

flow velocity depending on the pre-flood taxonomic composition and this response is 

mainly driven by the physical attributes of the dominant taxa (Biggs & Thomsen, 1995). 

At site 13, the flow data indicate that there was a flow event which occurred four weeks 

before the sampling period began (see Figure 4.4d), suggesting that the benthic algal 

community at T1 could have been structured by this earlier flow disturbance. Thus, it is 

possible that the community at site 13, at T1, was at a different stage of post-flood 

succession than the communities at the other sites which all had relatively stable base 

flow conditions prior to sampling at T1.  

An alternative explanation for the differences between site 13 and the other sites could 

be the extremely low SRP concentration and low light availability (higher percent 

canopy cover) at site 13, as demonstrated in Chapter 2 (see Table 2.1). The influence of 

nutrient and light availability on benthic algal community resistance to hydrological 

disturbances has been observed in an artificial stream study (Biggs et al., 1999b). Lower 

resistance to flow disturbance was found in algal communities within low nutrient and 

low light environments. Conversely, Mulholland et al. (1991) found that nutrient levels 

had no effect on the resistance of benthic algal communities to flow disturbance. In this 

study, the most abundant species at site 13, Gomphonema minutum, dominated at T1 

and maintained its numerical dominance throughout the duration of the study. 

Significantly, this species is a high-profile stalked taxa that has been recorded to 

dominate in environments with naturally low phosphorus concentrations and with dense 

riparian canopy cover (low light environments) in temperate Australian streams 

(Roberts, Sabater & Beardall, 2004). Moreover, stalked diatom taxa are known to be 

quite flexible in their mucilage length and are therefore quite adaptable, as they may 

change their morphology by increasing stalk length to adapt to increased current 

velocity (Biggs & Hickey, 1994). The dominance of Gomphonema minutum is likely to 

have played a key role in maintaining relatively stable diatom diversity and taxonomic 

composition during the high flow variability period at site 13. 
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4.4.3 The role of nutrients as resources for modulating the effect of flow in 

shaping the benthic algal community 

Variability of local water chemistry during the study period was best explained by the 

observed site-specific spatial patterns, rather than temporal variations, in algal 

community composition during the study period.  The significant correlation between 

SRP and flow velocity on sampling days across sites suggests that increases in flow 

velocity may indirectly increase SRP. Despite the challenge of separating out the 

interaction between flow and nutrients, as shown in the conceptual diagram (see Figure 

4.1), the regression tree models split algal communities between Group A (site 4, 6 and 

8) and Group B (site 13) and indicated that the potential interaction was discrete 

between sites instead of continuous across sites. 

In broad terms, benthic algal biomass increased with increasing nutrient concentrations 

and this positive correlation was reflected in higher algal biomass at the higher nutrient 

sites (sites 4 and 6) compared with lower nutrient sites, especially site 13. Contrary to 

the spatial survey (Chapter 3), this finding supports the hypothesis that the accrual of 

algal biomass, and thus overall ecosystem productivity, may be controlled by nutrient 

limitation (Biggs & Close, 1989; Borchardt, 1996; Dodds, Smith & Lohman, 2002).   

Nutrient concentrations also influenced the diatom taxonomic composition present at 

sites in this study. The fact that SRP explained in excess of 50% of the variance in the 

relative abundance regression tree model highlights the strong effect of site-specific 

differences in water chemistry. The diatom taxonomic analysis indicated that nutrient-

tolerant and nutrient-sensitive species demonstrated site-specific responses based on 

these differences in ambient nutrient concentrations. For example, two common species 

Cocconeis placentula and Rhoicosphenia abbreviata, were found in significantly higher 

abundances at sites with higher nutrients, suggesting that nutrient supply can enhance 

their competitive success, as per the results presented in Chapter 3 (Section 3.4.5). 

These two species dominated the communities in Group A (sites 4, 6 and 8) after T2, 

presumably due to both their ability to compete in sites where nutrients were available 

and their highly resistant low-profile growth form (which reduced their capacity to be 

removed via sheer stress).  

In contrast, at site 13, Gomphonema minutum was able to remain dominant possibly by 

suppressing or out-competing the growth of Cocconeis placentula and Rhoicosphenia 

abbreviata in the comparatively nutrient poor conditions, and regardless of flow 
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conditions. As demonstrated in Chapter 3 (Section 3.4.5), it was also hypothesized that 

there would be a higher abundance of N-fixing taxa at sites with lower NOx 

concentrations. This expectation was met with two N-fixing taxa, Rhopalodia novae-

zelandiae and Epithemia adnata, present in higher relative abundances at the low NOx 

concentration site 13, relative to the other three sites. These results highlight the 

potential for nutrients to be a dominant driver of diatom taxonomic composition, 

irrespective of flow conditions.  

 

4.4.4 Diatom taxa and growth forms respond to flow stress 

Given the influence of the multi-scale effects of flow and nutrients on algal community 

attributes, the response of diatom taxa and growth forms to the range of environmental 

conditions could be used to assess the impacts of changes in flow and water quality 

during the high flow variability period. As discussed in earlier sections of this Chapter, 

the measured responses of the three diatom growth forms to flow events are consistent 

with the predictions of Passy (2007); that the flexibility of taxa to resist changes in flow 

is an important determinant of species compositional changes after flow events. An 

increase in the richness of two potential desiccation-resistant, mucilage stalk-forming 

genera (Cymbella and Gomphonema) along a gradient of zero flow days in the 

antecedent year demonstrated the utility of the biological trait approach in that it is not 

limited to their attachment ability but also to potential increases in mucilage production 

in response to flow stress.  

Adoption of this diatom biological trait approach would simplify the need for 

taxonomical expertise in monitoring programs, as there is no need to go lower than the 

level of genus (Berthon et al., 2011). Nevertheless, the approach would still retain 

significant ecological information, specifically elements that respond to flow 

disturbances (both low flow and high flow). Furthermore, the approach includes rare 

species which are often excluded from data analyses in ecological studies with the 

argument that their presence offers limited interpretative value  (Gauch, 1982; Cao, 

Larsen & Thorne, 2001), despite the fact that most species in biological communities 

are naturally rare (Williams, 1964). Therefore, using the diatom growth form approach 

to represent fundamental niches of taxa can create a more quantitative and predictive 

approach to establishing relationships between benthic diatoms and flow disturbances.  
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4.5 Conclusion 

This chapter demonstrates the value of measuring benthic algal responses to multi-scale 

effects of the short-term flow regime, the long-term flow regime and local water 

chemistry. The use of antecedent hydrology information helped to unmask the 

importance of both the long-term and the short-term flow regime in different 

successional stages of benthic algal communities. At broader temporal and spatial 

scales, the duration of antecedent zero flow events and local nutrient concentrations 

influenced the pre-flow event benthic diatom community composition across sites, and 

in turn determined the community resistance to high flow variability. At shorter 

temporal scales, hydrological variation up to 30 days was a useful time scale in 

explaining the observed decrease in the relatively coarse measures of bulk biofilm 

biomass and diatom summary diversity metrics, in which flow stability enhances overall 

species richness and diversity. In contrast, measures of diatom taxonomic composition 

are more sensitive to a finer time scale of days. At the same time, nutrient resources 

moderated the effect of flow and highlighted the role of resources in shaping the benthic 

algae community in the spatial and temporal mosaic of a riverine ecosystem.  

The growth form approach adopted in this study showed that low-profile taxa increased 

in abundance and dominance in the post-flow communities and that this demonstrated 

variation in resistance to flow disturbances can, in part, be attributed to the attachment 

strength of diatom taxa and their growth forms. This approach provides great 

opportunities for including diatoms in monitoring programs as it provides ecological 

insight which allows ecologists to establish more quantitative and predictive 

relationships between benthic diatoms (and other aquatic microorganisms), flow 

disturbances and the influences of additional environmental stresses.  
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Chapter 5 Effects of nitrogen and phosphorus enrichment on 

benthic algal communities 

 

5.1 Introduction 

The water quality of stream ecosystems globally has been negatively affected by inputs 

of nutrients associated with human activities (Walsh et al., 2005; Elser et al., 2007). As 

demonstrated in the overarching conceptual model presented in Chapter 1 (Figure 1.5), 

nutrients are a fundamental determinant of broad scale patterns in benthic biofilm 

biomass and diatom taxonomic composition in stream ecosystems. These relationships 

were also confirmed in the earlier chapters from observational approaches either across 

space (Chapter 3) or through time (Chapter 4). Whilst these surveys were assessments 

of the interactions of multiple environmental drivers, a manipulative field experiment 

offers the opportunity to focus specifically on the role of nutrients on benthic algal 

responses.  

Nitrogen (N) and phosphorus (P) are often the primary limiting nutrients for aquatic 

algal production because they have specific biochemical roles in cell structure and 

function and are frequently in short supply relative to cellular growth requirements 

(Dodds, Smith & Lohman, 2002b; Mulholland & Webster, 2010). Nutrients, therefore, 

represent a crucial resource that potentially limits algal growth and they can also be 

viewed as a stressor when added in excess to freshwater ecosystems (Stevenson et al., 

2008). The widespread distribution of excess N and P has caused significant 

degradation to freshwater ecosystems and are associated with marked increases in 

benthic primary production (Mulholland, 1992; Dodds et al., 2002b; Hill et al., 2011), 

causing nuisance growths of algae, with consequent changes in ecosystem health, 

functioning and biodiversity (Putz, 1997; Potapova & Charles, 2007; Scott et al., 

2009a). In addition to the role that nutrients play in stimulating algal production, much 

of the research activity investigating nutrient responses has also been driven by the 

long-standing debate over the relative importance of N or P as the limiting nutrient in 

freshwater benthic ecosystems (Grimm & Fisher, 1986; Tank & Dodds, 2003; Scott et 

al., 2009b). A relatively recent meta-analysis of experimental enrichments showed that, 

at the global scale, there have been greater responses to P addition compared to N 
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addition in freshwater ecosystems (Elser et al., 2007). However, given the role of soil 

type and land use in regulating ambient nutrient concentrations in streams, there is also 

quite considerable regional variation in the degree to which N and P are limiting (Scott 

et al., 2009b). To this end, local assessments of limiting factors are necessary in order to 

confirm or refute expectations about limiting nutrients and in order to make predictions 

about responses to changes in the delivery and concentration of limiting nutrients.  

In-stream nutrient diffusing substrate bioassays (NDS) are one way of manipulating 

nutrient concentrations in situ in stream ecosystems. NDS bioassays were developed in 

the United States by Fairchild and Lowe (1984) to specifically determine whether 

benthic algal communities were nutrient limited and, if so, which nutrient was in 

shortest supply. NDS bioassays have been subsequently used widely in stream 

ecosystems around the world, to examine the response of algae to applications of 

various nutrients (Francoeur et al., 1999; Mosisch et al., 1999; Capps et al., 2011). A 

variety of NDS techniques have been used in lotic ecosystems (Francoeur, 2001) and 

commonly used NDS methods were recently reviewed by Capps et al. (2011). 

In stream ecology, there are two commonly used approaches to empirically evaluate the 

relationship between nutrients and algae (Borchardt, 1996): an ecosystem approach, 

which focuses on algal biomass and primary production, and an autecological approach, 

which focuses on the responses of specific algal taxa. In general terms the prevailing 

wisdom suggests that increased nutrient concentrations tend to stimulate high biomass 

and overall ecosystem productivity (Mulholland, 1992; Biggs, 2000a; Dodds et al., 

2002b; Hill et al., 2011). Furthermore, under nutrient-limiting conditions, algal biomass 

is expected to increase with the addition of the limiting nutrient. At the taxa-specific 

level, benthic diatom species are known to be limited by different types and 

concentrations of nutrients and, as a result, changes in nutrient concentrations are likely 

to affect the relative abundances of diatom species in streams (Kelly & Whitton, 1995; 

Pan et al., 1999; Manoylov, 2005).  

The ambient nutrient concentrations in streams can play an important role in 

determining the response of the benthic algal community to enrichment, because sites 

with high ambient nutrient concentrations would likely be less nutrient limited than sites 

with low ambient concentrations (DeNicola et al., 2006; Hillebrand et al., 2007). 

Indeed, studies of N dynamics in streams have confirmed that increases in ambient N 
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concentrations typically result in a decrease in N uptake efficiency (Dodds et al., 2002a; 

Earl, Valett & Webster, 2006). It is possible that responses of benthic algal biomass and 

diatom taxonomic composition would be different depending on local ambient nutrient 

availability. 

The aim of this chapter is to demonstrate the use of an experimental approach to 

investigate the responses of benthic algal biomass and diatom taxonomic composition to 

N and P enrichment across four study sites. It was hypothesised that nutrient enrichment 

would increase algal biomass and favour eutrophic diatom taxa, whilst simultaneously 

inhibiting oligotrophic diatom taxa. Moreover, the benthic algal community would 

respond to the nutrient enrichment as a function of ambient nutrient concentration, with 

stronger responses anticipated in sites with lower ambient nutrient concentrations. 

Specifically, this chapter addresses the following questions:  

Q1. Is benthic algal biomass limited by nitrogen (N) and/or phosphorus (P) in 

subtropical upland streams in South-East Queensland, Australia? And if so, which one 

is limiting? 

Q2. Do benthic algal biomass, diatom species richness and taxonomic composition 

respond differently across sites with different ambient nutrient concentrations? 

Q3. Do any diatom taxa respond in a way that can make them potentially useful 

indicators of the algal community response to nutrient enrichment? 

 

5.2 Methods 

5.2.1 Experimental Design 

The enrichment experiment used NDS nutrient treatments to test the hypothesis that 

nutrient additions will cause a change in algal biomass and diatom community structure 

across the study sites between 17 October and 24 November 2011, a period 

characterised by relatively stable, base flow conditions. Four experimental stream 

reaches were selected from the sites sampled as part of the broad spatial survey (Chapter 

3). Sites were first selected on the basis of their ambient nutrient concentrations (see 

Table 3.2), but since the effects of nutrient additions on benthic algae are also 

influenced by hydrological conditions (Ryder, Watts & Burns, 2006), light availability 
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(Guasch & Sabater, 1998), grazing (Hillebrand & Kahlert, 2002) and their interactions 

(Lange et al., 2011) as described in Chapter 1 (see Figure 1.3), the study sites were also 

selected on the basis of these additional criteria. The selected study sites were, therefore, 

all wadeable upland stream reaches where water levels were less than 50cm deep and 

they were all similar in terms of land use, flow conditions and percent canopy cover. 

Site A4 and L6 were selected to represent sites with relatively high ambient nutrient 

concentrations and L11 and B16 were selected to represent sites with relatively low 

ambient nutrient concentrations. Hereafter, these four sites will be referred to as High 

(i.e. H1 and H2) and Low (i.e. L3 and L4), respectively. Site details and conditions are 

presented in Chapter 2 (see Table 2.1) and site photos can be seen in Appendix A.  

At each site, six replicate sets of NDS were deployed in a stratified design; each set 

consisting of agar solutions with one each of the four nutrient treatments - control (C), 

nitrogen addition (N), phosphorus addition (P) and nitrogen and phosphorus addition 

(N+P) (Figure 5.1). The N+P treatment was intended to resemble organic enrichment 

usually provided by large quantities of both N and P.  

 

 

Figure 5.1 Photo of a NDS set with the four nutrient treatments (C, N, P and N+P) (A) 

before deployment, and (B) after deployment in stream reach at site H1.  
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One challenge with NDS experiments is to determine how long to leave the substrates 

in situ prior to sample collection. Peterson and Grimm (1992) reported that benthic algal 

biomass increases through succession and that the algal community composition 

changes in different successional stages. It is also widely reported that periods of 20-30 

days are sufficient for periphyton colonisation (Fairchild & Lowe, 1984; Pringle, 1990; 

Riddle, Matthaei & Townsend, 2009) and that diffusion rates remain relatively constant 

over this time period (Tank & Dodds, 2003). Given the dual goals of assessing biofilm 

biomass and diatom community composition in this experimental study, the NDS were 

deployed for at least 35 days and five benthic algal attributes were measured, namely: 

1. Biofilm chlorophyll a (Chl a) (mg/m
2
) 

2. Diatom cell density (cell/cm
2
 x 10

5
) 

3. Diatom species richness (S) 

4. Diatom community dissimilarity (%) 

5. Diatom species occurrence frequency and relative abundance 

 

5.2.2 Preparation of NDS pots 

The design of the nutrient-diffusing pots was adapted from the methods outlined in 

published NDS experiments from South-East Queensland streams e.g. (Mosisch et al., 

1999; Mosisch, Bunn & Davies, 2001; Udy et al., 2001a). This is a plastic cup 

construction similar to the method in Capps et al. (2011) (outlined by Tank et al. 

(2006)) with a larger diffusion area to take enough samples for assessing biofilm 

biomass and diatom community composition. Plastic pots (300mL capacity) containing 

nutrient-enriched agar were used as diffusion substrata. The screw-top plastic lids were 

cut open in the centre to a 45.36 cm
2
 (7.6cm diameter) area for nutrient diffusion. 

Granulated agar (Oxoid No.1 Bacteriological agar) was prepared to 2% concentration 

by mixing in deionised water (milliQ) as the media for diffusing nutrients. Sodium 

nitrate (NaNo3) was added in the N and N+P treatment pots to the concentration of 

0.15M N and sodium dihydrogen phosphate (NaH2PO4) was added to the P and N+P 

treatment pots to the concentration of 0.15M P (Table 5.1). The resultant N+P treatment 

had a nutrient ratio of 1:1 (N:P). The calculated quantities of granulated agar and 

nutrients were heated in deionised water (milliQ) and stirred until completely dissolved. 

Once the agar mixture had cooled down, the mixture was poured slowly into the NDS 
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pots and filled up to the brim, as the growing surfaces for periphyton need to be in 

contact with the agar media. All pots were pre-labelled with treatment type. Then, the 

pots were tightly sealed with cling wrap and stored in a refrigerator, before being 

transferred on ice in a cooler to facilitate deployment in the field.  

 

Table 5.1 Chemical composition and quantities of four nutrient treatments 

 

 

5.2.3 Field methods 

5.2.3.1 Deployment of NDS pots 

Immediately prior to deployment, a fine mesh screen (75µm) was placed over the top of 

each NDS pot to allow for nutrient diffusion and to serve as a substrate for algal 

establishment and growth and the plastic lid was screwed down tightly. Then, all pots 

were placed in run habitats (i.e. uniform channel section with moderately swift water 

but with no turbulent flow) of similar velocity and depth along each experimental 

stream reach to minimise the potential influence of flow heterogeneity among the 

different hydraulic habitats in the stream. Each pot was anchored to the bottom of the 

stream using tent pegs and cable ties. The surface of the pots was approximately 5 cm 

above the streambed and all were submerged at the beginning of the experiment. 

To reduce the risk of nutrient contamination between sets of pots, each set of pots was 

placed at least 1.5 m away from other experimental sets. Within each experimental set, 

the four treatment pots were placed around 30-50 cm apart (Figure 5.2), which has been 

reported as being sufficiently distant to reduce the risk of nutrient contamination in 

similar streams in South-East Queensland (Udy et al., 2001a) and suggested as suitable 

distance to avoid nutrient contamination in a large-scale periphyton sampling 

programme in New Zealand (Biggs & Kilcoy, 2000). The C treatment pot was always 

placed in the most upstream position within each set of pots, to further reduce the risk of 

Treatment Standard chemicals  Nutrient 
quantities Control (no nutrient addition) 2% agar - 

Nitrogen addition 2% agar + 0.15M NaNo3  12.75g NaNo3/L 
Phosphorus addition 2% agar + 0.15M NaH2PO4 18g NaH2PO4/L 
Nitrogen and phosphorus addition 
(N:P ratio = 1:1) 

2% agar + 0.15M NaNo3  

+ 0.15M NaH2PO4  
12.75g NaNo3/L  + 
18g NaH2PO4/L 
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nutrient contamination. The N and P treatment pots were then placed side by side (but at 

least 30cm apart) to minimise any contamination between treatments. Finally, the N+P 

treatment was placed at the most downstream location within the set of pots.  

 

Figure 5.2 Schematic diagram of the deployment design for the six NDS sets.  

 

5.2.3.2 Collection of biofilm biomass and diatom assemblage 

At each site, the benthic algal communities were sampled from the surface of the NDS 

pots after at least 35 days of deployment. To standardise collections, each mesh screen 

was trimmed to the standard diffusible area that had been in direct contact with the agar 

(45.36 cm
2
) by cutting off the excess mesh. The mesh was then cut in half, with one half 

transferred into a labelled sample tube and immediately stored on ice in a portable 

freezer for biomass analyses, while the other half was scrubbed with a brush and the 

biofilm slurry rinsed into a dishpan with distilled water to facilitate diatom community 

analyses. The resultant biofilm slurry was poured through a funnel into a graduated 

cylinder and then diluted to a known volume with distilled water before being preserved 

in Lugol’s iodine preservative and stored in the dark without refrigeration prior to 

diatom community composition analysis. 
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5.2.3.3 Water quality and environmental variables  

Given that there are multiple explanatory environmental variables influencing benthic 

algal communities (as evidenced by the results presented in Chapter 3 and Chapter 4 of 

this thesis), eight environmental variables were measured both on the first (deployment) 

and last (collection) day of sampling at each site (Table 5.2). Flow discharge was 

estimated by measuring flow velocity and water depth along two cross-sectional 

transects using a flow meter (Swoffer 2100) and ruler. Duplicate ambient water nutrient 

samples were collected and filtered through 0.45µm cellulose-acetate membranes to 

determine the concentration of dissolved inorganic nutrients, namely total oxidised 

nitrogen (NOX) and soluble reactive phosphorus (SRP). All samples were stored on ice 

until returned to the laboratory where they were stored at -20°C until analysed. In 

addition, duplicate conductivity, pH and turbidity were measured using a Sonde (YSI, 

6920) and a portable turbidity meter (TPS, Brisbane). In addition to the 

physicochemical parameters, the presence or absence of macroinvertebrate grazers was 

also observed on NDS pots on the collection day.  

 

Table 5.2 The eight environmental variables measured at each NDS experiment site on 

the deployment and collection day.   

    Variables Units 

Disturbance 
 

 
1 Flow velocity m/s 

 
2 Discharge m3/s 

Resource 
 

 
3 Total oxidised nitrogen (NOx) mg/L 

 
4 Soluble reactive phosphorus (SRP) mg/L 

Stressors 
 

 
5 Conductivity µS/cm 

 
6 pH - 

 
7 Turbidity NTU 

Biotic 
 

  8 Grazing presence/ absence 

 

5.2.4 Laboratory methods 

5.2.4.1 Biofilm Chl a measurement 

One half of the ‘biomass’ mesh screen was used to determine Chl a concentrations, as a 

measure of algal biomass. The Chl a  was extracted using 90% ethanol, heated in a 
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water bath for 5 minutes at 75°C  and centrifuged for 10 minutes according to standard 

procedures (ISO, 1994). Chl a was estimated using the spectrophotometric equation in 

which the absorption at 750nm was subtracted from the reading at 665nm to correct for 

the presence of turbidity and coloured materials and then calculated and expressed in 

terms of calculated surface areas of the cobbles for each pooled sample in mg/m
2
.  

 

5.2.4.2 Diatom identification and counting procedure 

Diatom samples were prepared using the methods of Chessman et al. (1999) and 

diatoms preserved on the permanent slides were identified and enumerated at 1000x 

magnification with oil immersion using the standard protocols as detailed in Chapter 3 

(Section 3.2.3.2).  

 

5.2.4.3 Water chemistry and nutrient diffusion tests 

Nutrient diffusion rates were measured for each treatment type to identify potential 

differences among treatments in release rates at the end of the experiment. The NDS 

pots used for measurement of diffusion rates were randomly selected at the end of the 

experiment from each of the four treatments from each site. Initial diffusion rates were 

also measured from new NDS pots that had been stored in a refrigerator during the 

experimental period. 

To examine diffusion rates the pots were submerged for 24 h in a pre-rinsed plastic 

container filled with deionised water (1.5 L of water for each pot) and sealed with a 

plastic lid to minimise evaporative water loss. No water flow occurred within plastic 

containers during the diffusing tests. Water nutrient samples were then mixed, collected 

and filtered through 0.45 µm cellulose-acetate membranes and frozen it until analysed 

for N (NOx) and P (PO4
3-

). 

The dissolved inorganic nutrients were analysed using a SmartChem200 (Westco 

Scientific Instruments, Bookfield) discrete chemical analyser and followed the standard 

methods outlined in APHA (2005). Total oxidised nitrogen (NOx) was calculated by 

adding the concentrations of nitrate (NO2) and nitrite (NO3) present in the samples. The 

results were expressed as NOx mg/L. Soluble reactive phosphorus (SRP) was 
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determined by the concentration of orthophosphate (PO4
3-

) in the samples. The results 

were expressed as SRP mg/L. 

 

5.2.5 Statistical Analyses 

5.2.5.1 Diatom summary diversity metrics 

To describe and summarize the diversity of diatom community composition, species 

richness (S) was calculated in PRIMER v6.1.15 (PRIMER-E, 2012, Plymouth) using 

the DIVERSE function. Although lacking in specific taxonomic detail, S can be used to 

assess the generality of biodiversity responses to environmental changes. 

 

5.2.5.2 Univariate patterns 

Two-way analysis of variance (2way-ANOVA) was used to test hypotheses for 

differences in algal attributes between sites (fixed factor, n=4) and treatments (fixed 

factor, n=4). The Bonferroni correction was used to counteract the issue of multiple 

comparisons on a set of data. This deviation from the conventional significance level of 

0.05 follows the recommendation of Fisher (1956) that fixed significance levels are too 

restrictive and that a researcher’s chosen significance level should depend on the 

specific circumstances. Therefore, the significance level was set at 0.01 in all ANOVA 

tests (Zar, 1999). Where statistically significant interactions were detected between 

treatments and sites, a one-way analysis of variance (1way-ANOVA) was used to test 

hypotheses for differences between treatments for each site. Moreover, post-hoc 

Tukey’s Honestly Significant Difference (Tukey’s HSD) comparisons were used to 

determine the source of the significant differences. The Log (x+1) transformation was 

applied to biofilm biomass data to satisfy the assumptions of homogeneous variances 

and approximate normality. All univariate analyses were performed using IBM SPSS 

version 19.  

 

5.2.5.3 Multivariate patterns 

Permutational multivariate analysis of variance (PERMANOVA) analysis was used to 

test the hypotheses regarding diatom community differences between ambient nutrient 

conditions (fixed factor, n=2) and treatments (fixed factor, n=4). PERMANOVA 
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calculates a test statistic, the distance-based pseudo F-statistic, based on expected mean 

squares as in a univariate ANOVA. The diatom species abundance data were fourth-root 

transformed to stabilize variance and to improve normality (Clarke & Warwick, 2001). 

All species were included. A Bray-Curtis dissimilarity matrix was generated by 

comparing the diatom community composition between samples by rank correlating the 

community structure. Up to 999 random permutations estimated the probability of p-

values, with levels of significance reported as p<0.01.  

To investigate the responses of diatom taxonomic composition to different NDS 

treatments, the average of the community dissimilarities (%) (Bray-Curtis) between all 

pairs of treatments was calculated in a pair-wise test for each site. Then, nonmetric 

multidimensional scaling ordinations (NMDS) were used to visualise community 

patterns by providing a graphical summary of the relationships in the dissimilarity 

matrix. NMDS solutions with stress values of less than 0.2 were considered informative 

and appropriate for interpretation (Clarke and Warwick 2001). All multivariate analyses 

were run in the PRIMER v6.1.15 (PRIMER-E, 2012, Plymouth).   

 

5.2.5.4 Indicator species analysis  

Indicator species analysis as described by Dufrene and Legendre (1997) was used to 

identify which species defined the four NDS treatment groups with a high level of 

statistical significance. Diatom species relative abundance data was used to calculate the 

indicator values for each species. The indicator value is based only on within-species 

abundance and occurrence comparisons, without any comparison among species. Thus, 

the value for any given species is independent of the other species present in the sample 

(Dufrene & Legendre, 1997). The indicator value of a taxon varies from 0 (no 

indication) to 100 (perfect indication), with the value attained to 100 when a taxon is 

observed in all sites of only one treatment group. The significance of the indicator value 

for each taxon was tested for statistical significance with a Monte Carlo randomization 

procedure with 500 permutations in the R statistical package (R Core Development 

Team, 2011) using the LABDSV library.   
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5.3 Results 

5.3.1 Environmental conditions and diffusion rates 

This study was carried out during a period of relatively low flow. In fact, flow velocity 

and water depth decreased during the experiment period but to different extents across 

the four sites (Table 5.3). Whilst the absence of flow events did minimise pot losses, 

approximately half of the pots were above the water level by the end of the experiment. 

To avoid issues associated with an unbalanced experimental design, the algal biomass 

and diatom community composition metrics were quantified for three pots per treatment 

per site where possible. These pots were selected randomly from the subset of pots 

remaining submerged at each site on the collection date.  

According to the water chemistry measured in the spatial survey (Chapter 3), the 

ambient nutrient concentrations were expected to be different between high nutrient 

sites (H1 and H2) and low nutrient sites (L3 and L4). This expectation was met, with 

H1 and H2 having significantly higher NOx (F = 54.8, d.f.= 1, p <0.001) and SRP (F = 

73.3, d.f.= 1, p <0.001) concentrations than did the low nutrient sites (L3 and L4) at 

both the deployment and collection days (Table 5.3). All ambient water N:P ratios were 

below the Redfield ratio (16:1), suggesting that algae in these streams would likely be 

N-limited (Redfield, 1958).  Similar to the results from the spatial survey (Chapter 3), 

pH was slightly alkaline across all four sites and conductivity and turbidity were higher 

at L3 than at all other sites. 

In terms of diffusion rates of NDS pots, all enriched pots (N, N+P and P) had higher N 

and P diffusion rates than C pots, with the highest initial diffusion rates on the 

deployment day and decreasing diffusion rates along five weeks of immersion in the 

stream (Table 5.4). P diffusion rates were higher than N diffusion rates, but given 

diffusion throughout the study period, nutrients were being made available to benthic 

algae throughout the duration of the field study at all sites.  
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Table 5.3 Mean (± s.d.) values of measured environmental variables between 17 October and 24 November 2011 during the course of the NDS 

experiment, as assessed on the deployment (0) days and collection (35-37) days.  

Site Day 
Velocity Depth NOx SRP 

N:P 
Conductivity 

pH 
Turbidity 

(m/s) (cm) (mg/L) (mg/L)  (µS/cm) (NTU) 

High H1 0 0.11 28.00 0.193 (0.00) 0.065 (0.00) 5 92 (0.00) 6.83 (0.06) 3.93 (0.58) 

 
H1 35 0.04 17.70 0.145 (0.01) 0.090 (0.03) 2 113 (0.00) 8.58 (0.03) 3.25 (0.35) 

 
H2 0 0.26 35.00 0.139 (0.00) 0.068 (0.00) 3 95 (0.00) 7.50 (0.02) 7.76 (0.03) 

  H2 36 0.04 11.00 0.104 (0.00) 0.072 (0.00) 2 91 (0.00) 8.79 (0.01) 10.65 (0.21) 

Low L3 0 0.01 15.00 0.012 (0.01) 0.034 (0.00) 1 1885 (0.00) 7.76 (0.04) 23.15 (0.78) 

 
L3 36 0.02 14.00 0.018 (0.00) 0.001 (0.00) 3 2130 (0.00) 8.43 (0.00) 22.70 (0.35) 

 
L4 0 0.00 24.70 0.070 (0.00) 0.001 (0.00) 12 211 (0.24) 7.20 (0.00) 0.81 (0.08) 

  L4 37 0.04 24.70 0.036 (0.01) 0.001 (0.00) 6 673 (0.00) 7.96 (0.01) 6.55 (2.19) 

 

 

Table 5.4  Diffusion rate (mol m
-2

 h
-1

) of N and P for nutrient diffusing substrates, as measured on pots from deployment (0) and collection (35-

37) days. 

Treatment NDS Day N (mol m-2 h-1) P (mol m-2 h-1) 

C New 0 3.41 41.17 

  Used 35-37 1.06 (0.24) 5.96 (0.38) 

N New 0 5763.18 53.99 

  Used 35-37 546.86 (287.64) 8.78 (2.86) 

P New 0 20.00 4958.34 

  Used 35-37 0.94 (0.42) 435.88 (193.60) 

N+P New 0 5483.64 4803.84 

  Used 35-37 310.54 (167.42) 1233.77 (456.42) 
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5.3.2 Biofilm biomass  

The mean Chl a concentrations from pots of the C treatment was 10.7 mg/m
2
, which 

provides an indication of ambient nutrient availability and a standard value against 

which the nutrient addition treatments can be assessed. Across all sites, the greatest Chl 

a response was to the N addition treatment, with concentrations always in excess of 10 

mg/m
2
. This result suggests that N additions stimulated additional growth and biomass 

accrual, and therefore, that all of the study reaches were primarily N-limited. Overall, 

the mean response of Chl a to N enrichment was 2.2 times that of the C treatment. 

Elevated Chl a concentrations were also observed in the N+P treatment, with the mean 

response being 1.8 times greater than the values observed in the C treatment. This 

elevated response was more than four times the response of Chl a to the P treatment, 

with the Chl a of the P treatment typically lower than that for the C treatment (Table 

5.5).  

Two-way ANOVA revealed a significant interaction between site and treatment for Chl 

a concentrations (F=4.35, d.f.=9, p=0.001) and diatom cell density (F=4.61, d.f.=9, 

p=0.001). The subsequent one-way ANOVA performed for each site using treatment as 

a fixed factor suggested that Chl a concentrations and diatom cell density responded 

differently between high and low sites. At H1 and H2, Chl a concentrations in the N 

treatment were significantly higher than those in either the C or P treatment (F=36.28, 

d.f.=3, p<0.001 and F=15.23, d.f.=3, p=0.001, Figure 5.3a). Although a higher Chl a 

concentrations was also observed in the N treatment at L3 and L4, there was no 

significant difference between treatments at these sites. For diatom cell density, no 

significant differences were observed at sites H1 and H2, while significantly higher cell 

density was found in the N treatment at L3 and in the N+P treatment at L4 (F=11.38, 

d.f.=3, p<0.05,Figure 5.3b). 

 

Table 5.5 Biofilm Chl a concentration response ratios relative to control (C) treatments 

calculated as Chl a (N or P or N+P)/ Chl a (C).  

Treatment H1 H2 L3 L4 Overall 

N 6.2 5.3 3.8 1.1 2.2 

P 1.8 1.2 1.3 0.2 0.5 

N+P 5.6 3.3 2.5 1.1 1.8 
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Figure 5.3 Mean (± s.d., n=3) (a) Chl a concentrations  and (b) diatom cell densities of 

biofilm samples collected from four NDS treatments (C = control, N = nitrogen 

addition, P = phosphorus addition, N+P = nitrogen and phosphorus addition) after five 

weeks in situ at two high nutrient (H1 and H2) and two low nutrient (L3 and L4) sites. 

Superscript letters indicate significantly different means (Tukey’s HSD). 
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5.3.3 Diatom community composition 

A total of 128 diatom taxa from 38 genera were identified (from 46 NDS samples). The 

complete list of species names and their authorities have been provided in Appendix D. 

The 23 most abundant species (>1% in total abundance) comprised 82% of the total 

abundance with 13 of these species (53% of the total abundance) commonly occurring 

in all study sites and treatments. The most abundant species in descending order were 

Nitzschia frustulum (14%), Sellaphora seminulum (11%) and Nitzschia paleacea (8%) 

and all of these were found in all study sites and treatments.   

 

5.3.3.1 Diatom species richness 

Across all sites and treatments, diatom species richness ranged from 19 to 45. There 

was a significant site and treatment interaction (F = 5.42, d.f.= 9, p <0.001). Species 

richness at H1 and H2 did not show a significant response to nutrient treatments. 

Indeed, the highest richness at both of these sites was observed in the C treatments 

(Figure 5.4). For the low nutrient sites, significantly lower richness was found in the N 

treatment at L3 and in the N+P treatment at L4.  

Figure 5.4 Mean (± s.d., n=3) diatom species richness from biofilm samples collected 

from four NDS treatments (C = control, N = nitrogen addition, P = phosphorus addition, 

N+P = nitrogen and phosphorus addition) after five weeks in situ at two high nutrient 

(H1 and H2) and two low nutrient (L3 and L4) sites. Superscript letters indicate 

significantly different means (Tukey’s HSD). 
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5.3.3.2 Diatom taxonomic composition 

A two-way PERMANOVA analysis revealed that the only statistically significant 

difference in diatom taxonomic composition was across sites with different ambient 

nutrient concentrations (Pseudo-F=32.48, d.f.=1, p=0.001). Furthermore, the NMDS 

ordination (stress level=0.07) suggested that diatom composition was strongly 

associated with site (Figure 5.5). In particular, the diatom communities from the high 

nutrient sites, H1 and H2, clustered closely together, suggesting that the composition of 

the diatom community was similar among these two sites. On the other hand, the low 

nutrient sites, L3 and L4, were not closely clustered and can be considered to have 

distinctive taxonomic compositions.  

 

Figure 5.5 Nonmetric multi-dimensional scaling (NMDS) ordination based on fourth-

root transformed diatom species dataset for four NDS treatments by site. Each plot 

represents mean (+s.d.) of each treatment from each site. Dotted line indicates 

significantly different compositions. 
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As it was hypothesised that the diatom community would respond to enrichment as a 

function of ambient nutrient concentrations, diatom community dissimilarity (%) was 

further explored using pair-wise tests for each paired treatment by site. Overall, 

treatment pairs at H1 and H2 were more similar (lower community dissimilarity) than 

those at L3 and L4 (Figure 5.6). Because the diatom community composition in the C 

treatment provided an assessment of the diatom community under ambient nutrient 

conditions, the dissimilarity between the C treatment and the enriched treatment 

community compositions (C vs N, C vs P and C vs N+P) at each site can be used to 

infer the community dissimilarity with respect to community level responses to the 

different nutrient treatments. These comparisons revealed that the N treatment was more 

similar to the C treatment than were the P and N+P treatments, regardless of the starting 

ambient nutrient concentrations. However, comparisons between the nutrient treatments 

(N vs P, N vs N+P and P vs N+P) revealed that the P and N+P treatments had the most 

similar communities. 

 

Figure 5.6 Mean (± s.d., n=6 by ambient conditions) diatom community dissimilarity 

percentages from pare-wise tests based on fourth-root transformed abundance data 

between all possible treatment pairs from the nutrient diffusing substrate experiment.  
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5.3.3.3 Diatom indicator species 

Since the composition of the diatom communities in high and low ambient nutrient 

conditions was significantly different, two separate indicator species analyses (one for 

high nutrient sites and one for low nutrient sites) were undertaken to identify which 

species defined the four nutrient experimental treatments. Of the 70 diatom species 

recorded from the high ambient nutrient sites the randomisation procedure identified 10 

diatom species as having a significant indicator value (p<0.05) in the indicator species 

test (Table 5.6a). For the low ambient nutrient sites, 15 indicator species were identified 

from the 107 diatom species recorded (Table 5.6b).  

In the high ambient nutrient sites, Gomphonema angustum, Gomphonema parvulum and 

Nitzschia lacuum were significant indicators of the C (ambient) treatment. Among the 

nutrient enriched treatments, five species Achnanthidium minutissimum, Eolimna 

subminuscula, Gomphonema minutum, Nitzschia communis and Synedra ulna var. 

biceps were significant indicators in the N treatment while Planothidium 

frequentissimum and Mayamaea atomus were indicators of the P and N+P treatments, 

respectively. Most of these species were commonly occurring across all treatments; 

however, they attained their highest abundances in the specific nutrient treatments for 

which they were indicators.  

In the low ambient nutrient sites, Cymbella auxospore, Nitzschia acicularis, Nitzschia 

acidoclinata, Nitzschia agnita, Nitzschia linearis, Rhopalodia gibba and Tryblionella 

debilis were significant indicators for the C (ambient) treatment. Eolimna subminuscula, 

Navicula densa and Nitzschia inconspicua were significant N indicators while 

Gyrosigma attenuatum, Navicula cryptocephala, Pinnularia microstauron and 

Pleurosigma elongatum were significant P indicators. Only one species, Gomphonema 

lagenula was a significant indicator for the N+P treatment.  
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Table 5.6 Indicator diatom species among (a) high and (b) low ambient nutrient conditions based on relative abundance data with statistical 

significance set at p<0.05. The Indicator Value (IV), relative abundance and relative frequency for each treatment are shown. 

(a) High ambient         Relative frequency   Relative abundance 

 
Treatment n Species name IV C N P NP   C N P NP 

 
C 6 Gomphonema angustum 60 60 0 0 0 

 
100 0 0 0 

   
Gomphonema parvulum 54 60 0 17 0 

 
89 0 11 0 

 
    Nitzschia lacuum 49 100 100 100 100   49 15 23 13 

 
N 5 Achnanthidium minutissimum 50 100 100 100 83 

 
13 50 22 16 

   
Eolimna subminuscula 50 100 100 100 100 

 
13 50 16 21 

   
Gomphonema minutum 59 100 100 83 83 

 
6 59 18 17 

   
Nitzschia communis 75 20 80 0 33 

 
3 93 0 3 

 
    Synedra ulna var. biceps 44 100 100 100 100   8 44 23 25 

 
P 5 Planothidium frequentissimum 47 60 60 100 100   22 7 47 24 

 
N+P 6 Mayamaea atomus 68 80 100 100 100   7 12 14 68 

(b) Low ambient C 6 Cymbella auxospore  50 50 0 0 0 
 

100 0 0 0 

   
Nitzschia acicularis 50 50 0 0 0 

 
100 0 0 0 

   
Nitzschia acidoclinata 50 50 0 0 0 

 
100 0 0 0 

   
Nitzschia agnita 83 83 0 0 0 

 
100 0 0 0 

   
Nitzschia linearis 76 83 33 0 0 

 
91 9 0 0 

   
Rhopalodia gibba 57 83 33 17 17 

 
69 15 9 8 

 
    Tryblionella debilis 43 50 0 0 33   86 0 0 14 

 
N 6 Eolimna subminuscula 45 50 100 17 50 

 
24 45 9 21 

   
Navicula densa 50 0 50 0 0 

 
0 100 0 0 

 
    Nitzschia inconspicua 64 50 83 33 50   16 76 2 6 

 
P 6 Gyrosigma attenuatum 43 0 0 50 17 

 
0 0 86 14 

   
Navicula cryptocephala 77 0 17 100 33 

 
0 12 77 12 

   
Pinnularia microstauron 46 50 50 83 50 

 
19 7 55 18 

 
    Pleurosigma elongatum 50 0 0 50 0   0 0 100 0 

 
N+P 6 Gomphonema lagenula 50 0 0 0 50   0 0 0 100 
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5.4 Discussion 

The nutrient diffusing substrates used in this experiment clearly provided extra nutrients 

to the benthic algal communities growing on the NDS pots. Indeed, even though the 

highest nutrient diffusion rates of N and P occurred at the beginning of the experiment, 

nutrients were still diffusing out of the enriched agar after five weeks of immersion in 

the study streams. These findings echo those from other NDS experiments, which have 

shown high diffusion initially, followed by continued slow release of nutrients into the 

water column (Fairchild, Lowe & Richardson, 1985; Rugenski et al., 2008). 

As demonstrated in Chapter 3, ambient nutrient concentrations at any given site can 

explain the spatial variability in benthic algal communities throughout the study region. 

Since the sites investigated in this Chapter were selected on the basis of their ambient 

nutrient concentrations (high nutrients or low nutrients) while maintaining other 

potential environmental variables (i.e. light and flow) relatively equal and constant 

across treatments, the interpretation of the results of the NDS experiment represents one 

of the first examinations of algal biomass and diatom taxonomic composition responses 

to in situ nutrient enrichment in Australian streams.  

 

5.4.1 Nutrient limitation of the algal community 

This study aimed to determine if benthic algae in streams of the upper catchments in 

subtropical South-East Queensland, Australia, were limited by N and/or P; and if so, 

which nutrient was limiting. The ratio of N to P has frequently been used as a predictor 

of nutrient limitation in aquatic ecosystems (Stelzer & Lamberti, 2001). Studies have 

shown that, when the molar ratio of ambient dissolved nutrients is low (i.e. N:P <10) N 

is limiting (Grimm & Fisher, 1986), when it is high (i.e. N:P > 16) P is limiting 

(Pringle, 1987; Tank & Dodds, 2003) and when it is intermediate (i.e. N:P 10-16) N and 

P co-limit algal production (Snyder et al., 2002). In this current study, low N:P ratios 

(below the Redfield ratio of 16:1) in the ambient water at all sites suggested that these 

streams would be N-limited (Redfield, 1958).  

Overall, nutrient enriched treatments did yield more Chl a than C treatments which 

supported our hypothesis that enrichment would increase bulk algal accrual and 

biomass. According to the Liebig’s law of the minimum, crop production is limited by 

the nutrient in shortest supply (Liebig, 1840). The highest algal Chl a concentration in 
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N and N+P treatments across all sites demonstrated that benthic primary productivity 

was primarily limited by nitrogen in these catchments. This result is similar to those 

from other studies in South-East Queensland which have recognised nitrogen as a 

primary limiting nutrient in both stream (Mosisch et al., 1999; Mosisch et al., 2001) and 

coastal ecosystems (Dennison & Abal, 1999). However, it should be remembered that 

nutrient limitation can change seasonally (or even over shorter time frames) and 

spatially within a region (Francoeur et al., 1999). Since this study was conducted just 

once (in the base flow period preceding summer), additional investigations through 

different seasons and sections of the river (mid-catchment, low-catchment) are 

warranted to determine the generalisability of the results presented here. Moreover, 

NDS construction method can influence patterns of algal biomass production (Capps et 

al., 2011). Thus, future studies should be done to investigate the performance of 

different types of NDS in this system.  

Some early studies suggested that there is an ambient nitrogen nutrient concentration 

threshold, such that when ambient nitrogen is below that threshold, further nitrogen 

enrichment would lead to increased Chl a values. Grimm and Fisher (1986) reported a 

threshold level of ambient nitrogen of 0.055 mg/L and Lohman, Jones and Baysinger-

Daniel (1991) of 0.10 mg/L. In this current study, a significant increase in Chl a 

concentrations was observed in response to N enrichment even at H1 and H2 (which 

had the highest ambient NOx concentration of 0.19 mg/L). This either suggests that the 

threshold level could be higher in these study streams than in those previously studied, 

or that the concept of a single limitation is not upheld but co-limitation of two or more 

different nutrients is more applicable (Arrigo, 2004). 

Whilst not being a dominant response, P enrichment did have some positive effect on 

algal biomass accrual in the present study, which is consistent with Mosisch et al. 

(1999) who found that P alone can only slightly stimulate benthic algal growth relative 

to the ambient C treatment in South-East Queensland streams. An exception was found 

at H4 where less biomass was found in the P treatment relative to the C treatment. This 

indicates a possibility of inhibition of growth by K
+
 (Saros & Fritz, 2002) from 

phosphate transport or by other unmeasured environmental parameters related to 

phosphate assimilation in this particular site. Further investigation is needed to explore 

the possible reasons for lower biomass in P treatments. 
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5.4.2 Biomass and diatom community level responses to nutrient enrichment 

5.4.2.1 Low ambient nutrient sites were more susceptible to enrichment 

While the predicted effect of ambient nutrient condition with nutrient treatments was 

found, I was also interested if benthic algal biomass, diatom richness and taxonomic 

composition responded differently to nutrient enrichment in high and low ambient 

nutrient sites. This study suggested that background ambient nutrient concentrations 

were a crucial factor influencing the responses of the benthic algal community to 

nutrient enrichment. Specifically, the low ambient nutrient sites had stronger responses 

to enrichment in terms of diatom cell density, species richness and taxonomic 

composition compared with high ambient nutrient sites. In other words, the benthic 

diatom communities were more responsive when enrichment causes relatively larger 

changes in nutrient concentrations in the overlying water. Therefore, the low ambient 

nutrient sites are potentially more susceptible to enrichment (at the levels used in this 

study) than are the high ambient nutrient sites. 

As for all algae, diatom communities are considered to be limited by the nutrient in least 

supply relative to needs (Pringle, 1990; Riddle et al., 2009). Diatom cell density is a 

biomass attribute that can be used to distinguish diatom responses from those of other 

algal groups such as green algae, red algae and cyanobacteria in samples (Stevenson, 

1996). Similar to N-limited bulk algal biomass, at the low ambient sites, L3 had 

significantly higher density in the N treatments (N-limited) while L4 had significantly 

higher density in N+P treatment (N+P limited). This could be explained by the 

relatively low ambient N concentrations at L3 and the relatively low ambient P 

concentrations at L4. Interestingly, despite increased cell density, L3 had significantly 

lower richness in the N treatment and L4 had significantly lower richness in the N+P 

treatment. Taken together, these results suggest that the addition of the most limiting 

nutrient increased diatom cell density but reduced species richness. This suggests that 

fewer species in low ambient sites were sufficiently specialised to occupy the N or N+P 

enriched conditions, or that that these enriched treatments favoured competitively strong 

taxa which became dominant. In contrast, there was no significant change in diatom cell 

density or species richness at the high ambient nutrient sites, suggesting that, in the 

context of the concentrations added in this experiment, the diatom community at the 

high ambient sites were neither N limited nor P limited. 
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In terms of diatom taxonomic composition, the low ambient nutrient sites had stronger 

responses to enrichment than did the high ambient nutrient sites. The high early nutrient 

diffusion rate from the NDS pots may have stimulated the establishment of eutrophic 

species, which, in turn, may then have a competitive advantage over the course of 

succession (Borchardt, 1996). Based on this hypothesis, nutrient treatments caused 

bigger initial changes in nutrient concentration at low ambient sites than high ambient 

sites, thus favouring eutrophic species to establish and out compete other taxa in the 

community after five weeks of succession. More detailed temporal analyses of diatom 

community responses, which lay beyond the scope of this current study, are required to 

determine the degree to which successional changes drive the patterns of diatom 

community composition presented in this Chapter. 

Another factor to consider is silicon availability during the experimental period. Silicon 

is an essential and often growth-limiting nutrient of diatoms (Pickett-Heaps, Schmid & 

Edgar, 1990), forming a siliceous cell wall containing hydrated amorphous silica called 

a frustule (Simpson & Volcani, 1981). The availability of silicon was reported to affect 

carbon metabolism (Si:C) as well as nutrient consumption ratios (Si:N and Si:P) of 

marine diatoms (Takeda, 1998; Flynn & Martin-Jezequel, 2000; Brzezinski et al. 2003). 

It is possible that biofilm biomass and/ or diatom taxa will response differently to N and 

P enrichment under different silicon availability, which, in turn, can alter biomass and 

diatom community level responses. Therefore, it is proposed that future studies should 

explore the effect of silicon availability on benthic algae in experiment design.  

 

5.4.2.2 N+P generally reduced diatom species richness and strongly shifted 

community 

The previous chapters of this thesis have provided some evidence to suggest that 

increases in nutrient concentrations may either decrease (Chapter 3: spatial survey) or 

increase (Chapter 4: temporal survey) species richness of the benthic diatom community 

in the study catchments. The lack of a strong predictable relationship between richness 

and nutrient concentrations from these observational datasets was one of the driving 

factors behind this experiment.  

Higher species richness in the C treatment compared with N+P treatment was observed 

in all study sites, suggesting that nutrient enrichment generally reduces benthic diatom 
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species richness in these streams, regardless of the starting ambient nutrient 

concentrations. The mechanism causing the dominance of just a few diatom species 

within treatments could be that N+P enrichment offered a narrower niche for diatom 

species, and thus only a few eutrophic diatom taxa may be sufficiently specialised to 

occupy that niche. Alternatively, the enriched conditions may have suited a large 

number of diatom taxa, but competitively dominant taxa may have driven the decline in 

species richness by eliminating less competitive taxa. Regardless of the mechanism, the 

result was that the N+P diatom communities were dominated by a few eutrophic diatom 

taxa.  

There were clear patterns in diatom taxonomic composition among sites, as expected 

given the findings for these sites in the spatial survey (Chapter 3). The strength and 

maintenance of site-specific differences, regardless of nutrient enrichment treatments, 

suggest that the local physicochemical characteristics have a strong influence on diatom 

community composition. Whilst these site differences remained throughout the 

experiment, the community dissimilarity in diatom community composition in response 

to nutrient enrichment supports the central hypothesis that nutrients can change diatom 

community structure. Interestingly, simultaneous addition of both N and P (the N+P 

treatment) seems to shift the community composition away from the background 

ambient community more than adding either nutrient separately. Moreover, the N+P 

treatment shared the most similar community with the P treatment compared with the N 

treatment. Therefore, diatom taxonomic composition had stronger responses to P than 

N, a result which is in contrast to the algal biomass and diatom cell density 

measurements at low ambient sites which were strongly responsive to N additions. 

Other benthic algal taxa, in particular the cyanobacteria and green algae, are also known 

to have strong responses to nutrient concentrations (DeNicola et al., 2006; Wyatt, 

Stevenson & Turetsky, 2010). This potential inter-specific competition for nutrients 

between taxa (across all autotrophic groups) within the biofilm matrix may provide 

more information to explain these stronger diatom taxonomic composition responses to 

P enrichment. To this end, inclusion of a broader suite of autotrophs may be useful in 

future research efforts in this area, although the taxonomic expertise required does 

represent an obstacle to this more inclusive approach. 
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5.4.3 The use of diatoms as indicators of catchment nutrient disturbance 

A further aim of this study was to explore if any diatom taxa could potentially be used 

to assess algal responses to nutrient enrichment, and thus be used as indicators of 

nutrient disturbance and catchment change more broadly. It is known that the 

occurrence of species at a site is related to the local species pool (Soininen & Heino, 

2005). Therefore, the diatom species pools at the low and high ambient sites were 

expected to be different based on local ambient nutrient concentrations, suggesting there 

might be different indicator species for the different treatments.  

Indicator species analysis suggested a significant change in either the relative frequency 

and/or abundance to nutrient enrichment for some diatom taxa, which facilitated a better 

understanding of nutrient limitation and competitive dominance within the sampled 

benthic diatom communities. Indicator species responded differently to nutrient 

availability and can therefore be generalised into two major types of indicator species 

(Figure 5.7a): (1) Nutrient generalists that are adapted to a wide range of nutrient 

conditions, and (2) Nutrient specialists that are more capable of assimilating nutrients 

under a narrow niche. Specifically, (2a) Eutrophic taxa that have both a competitive 

advantage in nutrient enriched water and a competitive advantage in nutrient depleted 

water and (2b) Oligotrophic taxa that have a high tolerance in nutrient depleted water. A 

conceptual diagram can be used to explain the position of the four treatments based on 

the availability of N and P, increasing along the x-axis and y-axis respectively, with the 

position of each hypothetical species defined by its response to nutrient enrichment 

treatments (Figure 5.7b). 

 

5.4.3.1 C indicator species 

At high ambient nutrient sites, Gomphonema angustum, Gomphonema parvulum and 

Nitzschia lacuum were found in higher abundances in the C treatment. These species are 

often classified as oligotrophic species (Van Dam, Mertens & Sinkeldam, 1994; Blinn 

& Bailey, 2001). Whilst these taxa prosper in low nutrient environments, their 

competitive advantage will be reduced when the supply of N and P increases – and this 

was observed in the form of comparatively lower abundances in the enriched 

treatments.  
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Figure 5.7 Conceptual diagram (1a) outlining how nutrient generalists have a larger 

niche breadth and nutrient specialists have a smaller niche breadth under high nutrient 

conditions (1a) Eutrophic taxa (1b) Oligotrophic taxa and (b) of the position of 

treatments and hypothetical diatom species with their different N and P requirements. 

 

 

At the low ambient nutrient sites, N-fixing species and oligotrophic species were 

expected to dominate in the C treatment because of their relative ability to compete for 

limited nutrients in depleted water. As expected, N-fixing Rhopalodia gibba was most 
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abundant in the C treatment due to the relatively high capacity for the endosymbiotic 

cyanobacteria to fix nitrogen (Fairchild et al., 1985; Peterson & Grimm, 1992). A 

similar pattern was also observed at the genus level for the Rhopalodia (5 species), with 

the highest abundance in the C treatment. A higher abundance of Cymbella auxospore 

was also found in the C treatment. Cymbella auxospore is a specialsed zygotic cell 

produced for sexual reproduction (Round, Crawford & Mann, 1990) or for dormancy 

while nutrients are depleted (Van den Hoek, Mann & Jahns, 1996). It is more likely that 

oligotrophic conditions triggered Cymbella spp. to go into its dormant stage in this case. 

Moreover, four Nitzschia species and Tryblionella debilis were motile oligotrophic 

species (Van Dam et al., 1994) that were physically free to search for limited resources 

within the periphyton matrix (Passy, 2007).  

Four C indicator species Gomphonema angustum, Nitzschia acicularis, Nitzschia 

acidoclinata and Nitzschia agnita were present only in the C treatment, regardless of 

ambient nutrient conditions, suggesting that their N and P requirements may be similar 

to that of hypothetical species 1 in Figure 5.7b, and that they are only able to survive 

(either due to physiological requirements or as a consequence of competitive 

interactions with other taxa) under low N and low P conditions.  

 

5.4.3.2 N indicator species 

Seven species, Achnanthidium minutissimum, Eolimna subminuscula, Gomphonema 

minutum, Nitzschia communis, Nitzschia inconspicua and Synedra ulna var. biceps, 

achieved their highest abundance in the N enriched treatment at both the low and high 

ambient nutrient sites. Interestingly, all of these species occurred across all treatments, 

suggesting they are nutrient generalists with broad nutrient tolerances, but perhaps with 

a competitive advantage under N enriched conditions. As a result, these species are 

similar to hypothetical species 2 in Figure 5.7b. The mechanisms driving the higher 

abundance of these six species in the N treatments were either by the additional N 

supplying nutrients for their growth or through the stimulation of the assimilation of 

other nutrients that was impaired with low levels N under ambient conditions. In 

contrast to these taxa, Navicula densa seems to be an N specialist, as it only occurred in 

the N treatment.  
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Eolimna subminuscula was the only species that indicated N enrichment in both the 

high and low ambient nutrient conditions. Therefore, the percentage of Eolimna 

subminuscula in an assemblage may be a useful indicator of elevated N availability, 

regardless of ambient nutrient concentrations.  

In this study, Achnanthidium minutissimum was found in all sites and all treatments but 

was only highly abundant in the N treatment, and especially in high ambient nutrient 

sites. This suggests that Achnanthidium minutissimum was more competitive under N 

enriched conditions in this study, although their nutrient preference remains a bit of a 

mystery. Achnanthidium minutissimum (basionym: Achnanthes minutissima Kutzing 

1833) is a cosmopolitan diatom found in periphyton in a wide variety of freshwater 

systems that has a very broad degree of nutrient adaptation (Potapova & Charles, 2003). 

A previous study has reported this species as indifferent to nutrient concentrations (Van 

Dam et al., 1994), whereas others have found this species to be more abundant at low 

nutrient sites (Manoylov, 2005; DeNicola et al., 2006) while others suggest it was more 

abundant under enriched conditions (Fairchild et al., 1985; Peterson & Grimm, 1992; 

Riddle et al., 2009). Potapova and Hamilton (2007) suggested that morphological 

groups within this species differed significantly in their ecological characteristics, 

including nutrient concentrations. Therefore, this diatom species could either have a 

plastic autecology or it may be composed of a complex of genetically distinct ecotypes.  

 

5.4.3.3 P and N+P indicator species  

At high ambient nutrient sites, the highest relative abundance of Planothidium 

frequentissimum suggested that they may have been limited by P in other treatments. 

Mayamaea atomus also responded positively to P enrichment but the highest abundance 

was found when N was also added. These two species commonly occurred in all 

treatments but only thrived in the P enriched treatments, similar to the response of 

hypothetical species 3 in Figure 5.7b.  

At low ambient nutrient sites, the P indicator species Gyrosigma attenuatum and 

Navicula crytocephala are known to be eutrophic species (Van Dam et al., 1994) while 

no specific nutrient requirements of Pinnularia microstauron and Pleurosigma 

elongatum are currently documented. While Gyrosigma attenuatum showed a positive 

response to P and N+P enrichment, it only thrived in the P treatment, suggesting that 
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this species has a narrow high P niche but a wider N niche, similar to hypothetical 

species 4 in Figure 5.7b. In contrast, Gomphonema lagenula was only found in the N+P 

treatment, suggesting that this species has a narrow niche of both high N and P, similar 

to hypothetical species 5 in Figure 5.7b.  

The N-fixing compensatory mechanisms of Rhopalodia gibba, however, did not 

apparently give this species a competitive advantage in these conditions, as suggested 

by the low relative abundance in the P treatment. One explanation for this result is that, 

despite its ability to fix N, Rhopalodia gibba is a relatively weak competitor for P 

compared with species that are able to thrive in low N and high P conditions. However, 

there are no related autecology studies of diatom responses to nutrients to support this 

view.  

Using the hypothetical species nutrient preferences in Figure 5.7, I have demonstrated 

that the diatom species in these streams were co-limited in N and P.  This highlights the 

importance of species-based assessments of responses to nutrient additions, as the bulk 

biofilm responses are quite different from those at the species level. Indeed, the 

competitive advantage given to some species by N and others by P means it is hard to 

predict whether N or P will limit community diversity. In broad terms, nutrient 

generalists seem to have higher occurrences than nutrient specialists. However, 

ecological preferences for multiple nutrient concentrations are not well known for many 

diatom species. This suggests that using elemental ratios, such as N:P, promises to 

further the understanding of the relationships between competition for multiple nutrients 

and mechanisms of species coexistence in complex benthic diatom communities. 

 

5.5 Conclusion 

In this experiment, examination of the response of benthic algal communities to the 

addition of nutrients in situ enabled the quantification and refinement of the simple 

causal relationship between algal communities and nutrient enrichment. The results of 

manipulative experiments like this one can be compared with expectations driven from 

the correlations observed in the spatial and temporal observational surveys (Chapter 3 

and 4). In general, enrichment relieved nutrient limitation, favouring fewer (eutrophic) 

species and promoting their dominance in the community, especially in low ambient 

sites with relatively more oligotrophic species in the species pool. Simultaneous 
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addition of both N and P (N+P) generally reduced diatom species richness and shifted 

the community more substantially than did additions of either nutrient separately.  

Nitrogen is the primary limiting nutrient for benthic algae and diatoms in the study area. 

This suggests that land use, which liberates and delivers additional N to the study 

streams, may very well lead to changes in benthic algal communities and increases in 

biomass accumulation (nuisance algal growth).  

Ambient nutrient concentrations were found to be a crucial factor affecting the 

responses of benthic diatom communities. Low ambient nutrient sites are potentially 

more susceptible to enrichment compared with high ambient nutrient sites because of 

bigger changes in nutrient concentrations in the overlying water and due to the 

relatively higher abundance of oligotrophic species that do not perform well when 

nutrient concentrations increase.  

In general terms, nutrient generalists were present more often among all treatments than 

were nutrient specialists. The usefulness of the multiple nutrients approach (Figure 5.7) 

lies in the ability to differentiate generalists and specialists for different nutrients and, 

wherever possible, to identify indicator taxa based on their responses to specific 

enrichment treatments.  
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Chapter 6 General discussion and synthesis 

 

The overall objective of this thesis was to determine the drivers of community 

composition and dynamics of benthic algae, particularly the diatom taxa that dominate 

communities, in subtropical upland streams in SEQ, Australia. This thesis has 

investigated the utility of the ‘Scale-Dependent Hierarchical Model’ (Stevenson, 1997) 

and the ‘Periphyton Habitat Matrix Model’ (Biggs, Stevenson & Lowe, 1998) to explain 

the variability of benthic algal community patterns in spatially and temporally variable 

lotic habitats in subtropical upland streams. In this thesis, the spatial (Chapter 3) and 

temporal (Chapter 4) observational surveys examined the relationships between benthic 

algal attributes and environmental conditions over a broad region. Then, the in-stream 

nutrient enrichment experiment (Chapter 5) was undertaken to measure the response of 

benthic algal attributes to nutrient additions using nutrient diffusing substrates. 

Specifically, this thesis examined three hypotheses of drivers of benthic algal 

community patterns across physicochemical gradients which included the major drivers 

of benthic biofilm biomass and diatom community composition, including flow 

disturbance, nutrient and light availability, conductivity, pH and turbidity in upland 

streams from the Bremer, Logan and Albert catchments in SEQ, Australia. These 

research hypotheses were addressed in Chapters 3 to 5, and the key findings were: 

 

6.1 Hypothesis 1  

Spatial and temporal heterogeneity of benthic algal communities is controlled by 

complex interactions among multiple factors that operate at many spatial and 

temporal scales which are ordered hierarchically.  

The spatial and temporal heterogeneity of benthic diatom communities and biofilm 

biomass in SEQ upland streams was found to be influenced by complex interactions 

among hierarchical variables, including between ultimate (indirect) and proximate 

(direct) variables, as described in Chapters 3 to 5. The higher level ultimate variables 

measured as precipitation, catchment and rock type regulated the lower level proximate 

variables which included flow and nutrients. This supports the hierarchical framework 
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as described by Stevenson (1997) emphasizing the distinction between ultimate 

(indirect) and proximate (direct) variables.  

 

1a Ultimate variables play a relatively important role in structuring benthic algal 

communities at the regional (i.e. catchments) scale. 

In this thesis, ultimate variables, measured as precipitation, catchment and rock type, 

determined the potential range of flow and nutrients (Figure 6.1). Despite the broad 

spatial patterns in flow velocity and nutrient concentrations among ultimate variables, 

there was no broad spatial pattern in diatom community composition across the three 

adjacent catchments. Previous studies have shown that the importance of ultimate 

variables varies with study scale, with stronger effects occurring at continental scales 

compared with regional scales (Potapova & Charles, 2002; Soininen, 2007). The results 

reflected that the study scale stretching along an upland ridge around 140 km in length 

in this thesis can be considered part of an ‘ecoregion’. Instead, the indirect influence of 

ultimate variables took the form of the inherent, site-specific differences which 

ultimately determined algal community resistance to high flow events in the temporal 

survey (Chapter 4) and community sensitivity to nutrient enrichment in the in-stream 

nutrient diffusion substrate experiment (Chapter 5).  

 

1b Proximate variables play a relatively important role in structuring benthic algal 

communities at the local (i.e. stream reach) scale. 

The spatial and temporal patterns of benthic algal assemblages in the study streams 

were found to be directly controlled by the three principal sets of proximate 

fundamental forces, including disturbances (i.e. flow), resources (i.e. nutrient and light) 

and stressors (i.e. conductivity, pH and turbidity). The interpretation of the spatial and 

temporal benthic algal community patterns within the study area was influenced by the 

benthic algal attributes used (Figure 6.1). Specifically, the occurrence (i.e. 

presence/absence) and abundance (i.e. relative abundance) of diatom species within the 

study streams had higher explanatory power than did the summary diversity metrics in 

the regression tree models. This may have reflected the lack of specific taxonomic detail 

of the diversity metrics (i.e. the biological traits, niche of species) in determining the 
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taxonomic replacement mechanism in response to environmental changes (Lange et al., 

2011; Virtanen et al., 2011). On the other hand, biofilm biomass was predominantly 

controlled by the interaction between flow disturbance and resources. In addition, the 

relative importance of these drivers varied through space and time. 

 

Figure 6.1 Schematic conceptual diagram of benthic diatom and biofilm biomass 

responses to disturbance, resources and stresses in SEQ upland streams. The table 

shows where (+) positive and (-) negative correlations were observed and (V) represents 

where significant responses were identified from the results presented in this thesis. The 

square boxes represent the ultimate and proximate variables, with relationships between 

them represented by lines with arrows which indicate the direction of the governing 

processes.  

  

 

The strong relationship between benthic algal communities and flow disturbance during 

base flow conditions (Chapter 3) and high flow events (Chapter 4) was not surprising 

given that flow is one of the most important physical disturbances in upland streams 

(Death, 2010; Parker & Huryn, 2011). Previous studies have shown that unstable flow 

conditions lead to decreases in species richness of diatom (Stanish et al., 2012), 

macroinvertebrate (Datry, 2012) and fish (Arthington et al., 2010) communities. In this 

thesis, low and stable flow generally promoted higher diatom richness and diversity 
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(Figure 6.1), however, the effects of flow were dependent on the resistance of the initial 

community, which, in turn, was controlled by the site-specific antecedent flow events 

and local nutrient and light availabilities.  

Nutrient availability was the strongest selective factor driving the relative abundance of 

diatom species during base flow conditions across a range of sites (Chapter 3) and in the 

enrichment experiment (Chapter 5). Increases in nutrient concentrations generally 

promoted the dominance of a few diatom species, which, in turn, reduced diatom 

species richness and diversity (Figure 6.1). This finding is consistent with the 

‘Periphyton Habitat Matrix Model’ (Biggs et al., 1998) and other diatom studies in 

Australia (Sonneman et al., 2001). However, the effects of nutrients appeared to be a 

secondary determinant of community responses during high-flow events (Chapter  4).  

In contrast to the diatom community responses to disturbances (flow) and resources 

(nutrients and light), correlations between community metrics and stressors (i.e. 

conductivity, pH and turbidity) were less strong, perhaps because the variability in (and 

therefore stress associated with) pH and turbidity was relatively low across the study 

region. Furthermore, conductivity was negatively correlated with flow in both the 

spatial and temporal surveys, reflecting the role that flow disturbances can influence 

stressors. Under these conditions, and given the multiple effects of flow disturbance on 

benthic algal response, it is likely that flow masked any specific responses by the 

diatom communities to changes in stressors like conductivity.  

 

6.2 Hypothesis 2  

Benthic diatom species which possess similar biological traits will survive and persist 

in similar environmental conditions, although the actual species in these 

environments may differ. 

This thesis demonstrated that diatoms are valuable taxa-specific indicators of 

environmental conditions. Diatom physiognomic traits include growth form, cell size, 

attachment mode and motility and these traits govern the fundamental niches of taxa. 

The trait based approach taken in this thesis demonstrated that these measures can be 

used to create a more quantitative and predictive approach to establishing relationships 

between diatoms and environmental gradients (Berthon, Bouchez & Rimet, 2011; 
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Lange et al., 2011; Virtanen et al., 2011). The three growth forms, measured at the 

genus level, according to Passy (2007), were particularly useful in determining specific 

diatom performance in terms of taxa occurrence and abundance along the physical 

gradients of flow and light (Figure 6.2). Importantly, this growth form approach 

contains intermediate levels of detail and therefore, may be most efficient and 

informative for bio-monitoring programs because it explains similar amounts of 

variance as fine-level taxonomy, but requires less time and taxonomic expertise. This 

approach will, therefore, allow managers to develop quick and simple techniques (and 

understanding of responses to drivers) without large investments in attaining a high 

level of taxonomic expertise. 

The low-profile adnate and prostrate taxa appear to have high resistance to flow 

disturbances and low light environments (Figure 6.2). These taxa are the early colonists 

which can dominate in early successional and physically unstable conditions. In 

contrast, the high-profile chain-forming and tube-dwelling diatom taxa have a 

competitive advantage for light in that they can reach the upper canopy of the biofilm. 

Whilst this does give these forms an advantage over the shaded understory taxa below, 

it does also make them more susceptible to flow disturbances (Figure 6.2). Interestingly, 

two high-profile stalked genera Cymbella and Gomphonema potentially responded to 

increased flow stress and exposure by elongating their mucilage stalks to resist both 

desiccation and high shear stress. At the same time, elongated mucilaginous stalks 

continue to provide vertical extension from the substrate and greater access to the 

potentially limiting light resource. Motile taxa are also good at accessing light, as they 

are able to move through the biofilm matrix. These taxa are also able to moderate their 

exposure to high flow events, so overall they display competitive advantages over the 

non-motile taxa over a wide range of light and flow conditions (Figure 6.2).  

Despite the strength of the growth form approach, the three groups did not exhibit 

differential responses along water chemistry gradients of nutrient availability, 

conductivity and pH. Instead, the species level dataset was more powerful than the 

genus level dataset with respect to explaining the distribution of diatom taxa using the 

more typical autecological approaches and diatom bio-assessment metrics from 

publications as discussed in Chapter 3, 4 and 5 (Van Dam, Mertens & Sinkeldam, 1994; 

Kelly et al., 2001; Porter, 2008). Autecological studies have shown that diatom taxa can 

be generalised into two major groups based on a) their life history strategy, and b) their 
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taxon-specific nutrient uptake ability. Nutrient generalists adapt to a wide range of 

nutrient conditions and are present across a wide range of nutrient concentrations, but 

only show high abundance in their optimal niche. Thus, the measurement of taxa 

abundance would probably yield a stronger association with environmental conditions 

than would taxa occurrence alone. Nutrient specialists, on the other hand, have a 

competitive advantage to assimilate nutrients under a narrow niche, which reflects both 

their occurrence and abundance. These subtle differences in response demonstrates the 

importance of selecting appropriate attributes from community data when examining 

community responses to disturbances, resources and stressors of interest. 

 

 

Figure 6.2 Hypothetical distribution of three growth form groups within biofilm matrix 

along (a) flow disturbance and (b) light resource gradients. The C-S-R functional groups 

from Biggs et al.(1998) are the Competitive strategy, the Stress-tolerant strategy and the 

Ruderal strategy.  
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In this thesis, 68 indicator species were found for various environmental gradients and 

their niches were mapped onto hypothesised locations in Figure 6.3. In particular, 54 

indicator species were divided into C-S-R selection strategy groups (the Competitive 

strategy, the Stress-tolerant strategy and the Ruderal strategy) in the context of flow and 

nutrient interactions (Figure 6.3b). Ten indicator species were identified according to 

light availability (Figure 6.3a). Moreover, conductivity was negatively correlated with 

flow in all chapters, reflecting the influence of flow disturbance on aspects of water 

chemistry (Figure 6.3c). Such effects and other possible interactions between physical 

and chemical environmental variables are likely to add to the complexity of responses 

by masking or interfering with the simple unidirectional responses of algal taxa to one 

gradient or another. Ultimately, the approach adopted should be determined both by the 

dominant environmental gradients being assessed and, in turn, by the indicators that 

provide the best and most ecologically relevant information.  
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Figure 6.3 The hypothesised location of diatom indicator species along (a) light 

resource gradient, (b) flow disturbance-nutrient resource supply habitat matrix (c) 

conductivity gradient, and (d) pH gradient based on the findings from this thesis and the 

C-S-R functional groups from Biggs et al.(1998). 3=Chapter3, 4=Chapter4, 5=Chapter5 

nutrient enrichment treatments, 5L=Chapter5 low ambient control treatment and 

5H=Chapter5 high ambient control treatment  
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6.3 Hypothesis 3  

Biofilm and benthic algal biomass (i.e. AFDM and Chl a) in streams is a function of 

resource availability and disturbance. 

This thesis presents evidence that suggests that biofilm biomass was controlled by the 

interaction between resource availability and disturbance; however, different biomass 

measures varied in their response to these drivers (Figure 6.4). The availability of 

nutrients and light acted as limiting factors for autotrophic algal growth. In particular, 

benthic algal biomass measured as Chl a concentration had the strongest response to 

nutrient concentrations, while the proportion of autotrophic and heterotrophic materials, 

measured as the Autotrophic Index (AI), was strongly responsive to light availability. 

Flow disturbance described the influence of drag on biomass loss, with heterotrophic 

materials being more susceptible to flow dislodgement than autotrophic assemblages.  

 

Figure 6.4 Conceptual model of changes in benthic biofilm biomass (i.e. AFDM and 

Chl a) as a function of disturbance (flow) and resource (nutrient and light) supply.  

 

 

In addition to these patterns for different measures of biomass, the relative importance 

of different drivers responsible for the observed patterns was found to be both spatially 

and temporally variable. For example, the effects of nutrient concentrations, light and 

flow disturbance were equally important under base flow conditions (Chapter 3). In 
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contrast, flow appeared to be the dominant driver of changes in biofilm biomass during 

the high flow variability period, with nutrient concentrations being a secondary 

determinant of biofilm biomass (Chapter 4). Therefore, flow management strategies that 

focus solely on manipulating the flow regime (i.e. environmental flows) should also 

consider the associated delivery pattern of nutrient loads and the interaction between 

flow and nutrients on biofilm biomass. 

 

3a Sites with high resource availability (i.e. nutrients and light) will have greater 

biomass than sites with low resource availability. 

Biofilm biomass was hypothesised to be highest in habitats characterised by high 

resource availability. The results from this thesis support this hypothesis to a large 

extent, although inconsistent patterns between nutrient concentrations and biomass were 

observed during base flow conditions (Chapter 3). In general, high nutrient and light 

availability were matched by high biofilm biomass, especially for the autotrophic 

components of the biofilm, as measured by Chl a concentrations. Moreover, nitrogen 

seems to be the primary limiting nutrient in the study area which demonstrates that the 

upland freshwater system is very vulnerable to nitrogen pollution and the impact of 

elevated nitrogen loading has been well documented in lowland freshwater and coastal 

waters in SEQ (Liebig, 1855). Thus, the reduction of N inputs to these aquatic systems 

should be a major management focus to minimise the risk of excess algal biomass 

accumulation.  

 

3b Sites with low disturbance characteristics (i.e. low flow variability) will have 

greater benthic algal biomass than sites with high disturbance characteristics. 

There was strong evidence to support the hypothesis that higher biomass would occur at 

sites with lower disturbance pressure, as measured by flow variability. During base flow 

conditions, low flow sites (<0.015 m/s) had a 3-fold higher mean AFDM than did the 

high flow sites (Chapter 3). During the high flow variability period, increases in flow 

resulted in substantial loss of biofilm biomass. In particular, AFDM was more 

susceptible to flow than was Chl a concentration, by virtue of the fact that heterotrophic 
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assemblages in less coherent forms are more susceptible to flow than are the autotrophic 

algal components.  

 

6.4 Does the benthic algal conceptual model need refinement? 

The benthic algal conceptual model (Figure 6.1) developed for benthic algae in 

subtropical upland streams in SEQ was based on the Stevenson (1997) model which 

emphasises the distinction between ultimate and proximate variables. This model 

summarises three principal sets of abiotic factors (i.e. disturbance, resources and 

stressors) which are known to structure benthic algal communities and prioritises factors 

with respect to subtropical upland streams in SEQ on the basis of the statistical analyses 

in this thesis. The model also demonstrates the need to incorporate measures of 

environmental variables at various spatial and temporal scales. Ultimate variables such 

as climate and geology obviously explain larger spatial scale patterns, while the long-

term flow regime explains long-term temporal scale patterns. Therefore, it is 

recommended that measures of various spatial and temporal scales should be included 

as specific components of the benthic algal model to facilitate prediction of the 

dominant environmental factors and thus improve our conceptual understanding in 

benthic algal dynamics as well as water quality assessment and management.  

The two-dimensional physical habitat matrix, based on the Biggs et al. (1998) model, is 

clearly an oversimplification of the multiple processes that control benthic algal 

communities (Figure 6.2 and Figure 6.3). However, it should be noted that the 

individual axes of the model can be described by several variables, effectively creating a 

multidimensional habitat space. Furthermore, the C-S-R functional groups framework 

can be used for diatom indicator species, not only to describe the biological traits 

possessed by specific taxa, but also to describe general biofilm biomass response 

patterns (Figure 6.4).  

There is still much to learn about benthic algal community dynamics in SEQ streams. I 

acknowledge that the same mechanisms and dominant drivers in this thesis may not 

hold for other types of aquatic systems such as lowland rivers and lakes, and that the 

species-specific findings may not apply in other regions with different diatom species 

pools. Therefore, the predictions of the conceptual model and habitat matrix require 

testing, beyond SEQ. In addition, the incorporation of other benthic algal taxa will also 
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contribute substantially to our understanding of biofilm responses and the complexity of 

competition within the biofilm matrix. 

 

6.5 Future research  

The approach taken in this thesis was to relate environmental measures to diatom and 

benthic algal communities. It was particularly useful for identifying the interactions 

between disturbance, resource availability and stressors. However, other aspects 

affecting the benthic algal community were not assessed in detail. For example, the top-

down control of benthic algal communities by macroinvertebrates and fish were not 

addressed. Analyses of these biotic interactions requires further research to identify the 

relative role of biological forces in determining benthic algal community dynamic in 

Australian subtropical streams.  

Many studies outside of Australia use benthic diatoms in routine water quality survey 

and monitoring programs to assess natural and anthropogenic variability in 

environmental conditions (Kelly et al., 1998; Biggs, 2000; Potapova & Charles, 2007). 

There are strong consistent relationships between the composition of benthic diatom 

communities and the spatial and temporal heterogeneity of environmental gradients 

measured in this thesis. The usefulness of biological traits and the insights they bring on 

the mechanisms driving patterns of species occurrence and abundance should allow 

river managers to select appropriate diatom attributes that are likely to be sensitive to 

specific environmental changes. This targeted approach will help minimise the 

uncertainties associated with the multiple responses of diatom communities to the major 

impacts associated with anthropogenic disturbance and assist monitoring in meeting 

management and monitoring goals. The future goal is to use these data to develop 

diatom indices for water quality assessment along anthropogenic disturbance gradients 

in subtropical streams similar to that developed in the temperate Australian streams 

(Chessman et al., 2007).  More detailed research studies to compare the usefulness of 

benthic algae with various bioindicators such as macroinvertebrate and fish to indicate 

river health in response to disturbance gradient and climate change are also required.  
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Appendix A. Study Sites in the Bremer, Logan and Albert catchments during spring under base flow condition in October 2009.  

A1_Canungra

 

A2_Stockyard 

 

A3_Left hand branch 

 
A4_Lost world 

 

L5_Widgee 

 

L6_Christmas 
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L7_Chinghee

 

L8_Running 

 

L9_Camp 

 
L10_Tartar 

 

L11_Palen 

 

L12_Logan 
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L13_Mt Barney 

 

L14_Burnett 

 

L15_Teviot Brook 

 
B16_Reynolds 

 

B17_Wild cattle 

 

B18_Coulson 
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B19_Gap 

 
 

B20_Warrill 

 
 

B21_Bremer

 

B22_Moran 
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Appendix B. Mass-area curve of aluminium foil used to estimated cobble surface area 

based on 20 concisely cut square foil (from 1cm
2
 to 20 cm

2
). 
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Appendix C. Principal component analysis (PCA) eigenvalues and eigenvectors of nine 

measured proximate variables which underlie the observed spatial patterns across 22 

stream sites sampled between 26 October and 6 November 2009. 

 

    PC1 PC2 PC3 PC4 PC5 

Eigenvalues 
     

 
Eigenvalues 3.00 2.12 1.09 0.85 0.76 

 
%Variation 33.3 23.6 12.1 9.4 8.4 

 
Cum.%Variation 33.3 56.9 69 78.4 86.8 

Environmental variable eigenvectors 
    

 
NOx 0.070 0.539 0.058 0.311 -0.458 

 
NH4 0.403 0.375 -0.034 -0.269 0.226 

 
SRP 0.278 0.54 -0.209 0.247 0.028 

 
Canopy cover 0.213 0.164 0.773 -0.336 0.095 

 
Flow velocity -0.414 0.109 0.325 0.186 0.239 

 
Discharge -0.393 0.084 0.166 -0.04 -0.636 

 
Conductivity 0.392 -0.345 -0.073 0.383 -0.087 

 
pH -0.359 0.22 0.043 0.455 0.504 

  Turbidity 0.318 -0.252 0.462 0.516 -0.073 
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Appendix D. Diatom species relative abundance for Chapter 3 (spatial survey), Chapter 

4 (temporal survey) and Chapter 5 (nutrient diffusion substrate experiment) sampled 

between 2009 and 2011 in the three study catchments in subtropical Australia.  

 

  
Species Name Taxonomic authority 

Ch 3 Ch 4 Ch 5 

  (Spat) (Temp) (NDS) 

  
Total richness > 150 138 128 

  
Sampling sites > 22 4 4 

    Sampling occasions > 1 8 1 

Achnanthes   
   

 
Achnanthes inflata (Kutzing) Grunow 1870 0.05 0.02 - 

 
Achnanthes sp1 - - 0.03 - 

 
Achnanthes sp2 - - 0.03 - 

 
Achnanthes sp3 - 0.00 0.00 - 

 
Achnanthes sp4 - - 0.01 - 

 
Achnanthes sp6 - 0.04 - - 

 
Achnanthes sp7 - 0.12 - - 

 
Achnanthes subexigua Hustedt 1934 - 0.12 0.01 

Achnanthidium 
    

 
Achnanthidium exiguum (Grunow) Czarnecki 1994 0.14 1.18 0.31 

 
Achnanthidium latecephalum Kobayasi 1997 0.18 0.02 0.38 

 
Achnanthidium minutissimum (Kützing) Czarnecki 1994 2.33 1.51 1.23 

Amphora 
    

 
Amphora coffeaeformis (Agardh) Kützing 1844 0.13 0.09 0.18 

 
Amphora libyca Ehrenberg 1840 0.02 0.02 0.03 

 
Amphora ovalis Kützing 1844 0.08 0.04 0.03 

 
Amphora pediculus (Kützing) Grunow ex A. Schmidt 1875 0.57 0.12 0.22 

 
Amphora veneta Kützing 1844 0.46 0.48 0.01 

Anomoeneis 
    

 
Anomoeoneis sphaerophora Pfitz 1871 0.01 - - 

Aulacoseira 
    

 
Aulacoseira ambigua (Grunow) Simonsen 1979 0.09 - 0.01 

 
Aulacoseria subarctica (O.Müller) Haworth 1988 0.21 - 0.63 

Bacillaria 
    

 
Bacillaria paradoxa Gmelin 1791 0.77 0.03 0.87 

Caloneis 
    

 
Caloneis amphisbaena Cleve 1894 - - 0.14 

 
Caloneis bacillum (Grunow) Cleve 1894 0.03 0.01 0.03 

 
Caloneis silicula (Ehrenberg) Cleve 1894 - 0.00 - 

 
Caloneis sp1 - 0.01 - - 

Cocconeis 
    

 
Cocconeis placentula Ehrenberg 1838 13.95 13.66 0.46 

 
Cocconeis sp1 - 0.00 - - 

Craticula 
    

 
Craticula cuspidata (Kützing) Mann 1990 0.01 0.00 - 

 
Craticula halophila (Grunow) Cleve 1894 0.01 0.00 0.23 



Appendices 

158 

 

Ctenophora 
    

 
Ctenophora pulchella William & Round 1986 0.35 0.98 0.24 

Cyclotella 
    

 
Cyclotella meneghiniana Kützing 1844 0.08 - 0.28 

Cymatopleura 
    

 
Cymatopleura solea (Brébisson) W. Smith 1851 0.03 - 0.09 

Cymbella 
    

 
Cymbella auxospore - - - 0.03 

 
Cymbella bengalensis (Grunow) A.Schmidt 1875 0.04 0.01 - 

 
Cymbella cistula (Ehrenberg) Kirchner 1878 0.37 0.13 - 

 
Cymbella reichardtii Krammer 1985 - 0.00 - 

 
Cymbella sp1 - - 0.01 - 

 
Cymbella tumida (Brébisson ex Kützing) Van Heurck 1880 0.31 0.75 0.06 

Diadesmis 
    

 
Diadesmis confervacea Kützing 1844 0.68 4.70 1.98 

 
Diadesmis contenta (Grunow ex Van Heurck) Mann 1990 - - 0.01 

Diploneis 
    

 
Diploneis elliptica (Kützing) Cleve 1894 0.55 0.00 5.36 

Encyonema 
    

 
Encyonema minutum (Hilse ex Rabenhorst) Mann 1990 0.45 2.52 1.90 

 
Encyonema silesiacum (Bleisch) Mann 1990 0.03 0.17 0.22 

 
Encyonema sp1 - 0.02 0.00 - 

Entomoneis 
    

 
Entomoneis alata (Ehrenbert) Ehrenberg 1845 - - 0.12 

 
Entomoneis costata (Hustedt) Reimer 1975 0.01 - - 

Eolimna 
    

 
Eolimna subminuscula (Grunow) Lange-Bertalot 1997 0.07 0.90 1.45 

Epithemia 
    

 
Epithemia adnata (Kützing) Rabenhorst 1853 0.08 0.29 - 

 
Epithemia sorex Kützing 1844 8.86 0.02 3.62 

 
Epithemia turgida (Ehrenberg) Kützing 1844 1.21 0.05 - 

Eunotia 
    

 
Eunotia bilunaris (Ehrenberg) Mills 1934 0.00 0.00 - 

 
Eunotia exigua (Brébisson ex Kützing) Rabenhorst 1864 - 0.01 - 

 
Eunotia minor (Kützing) Van Heurck 1881 0.01 - - 

 
Eunotia sp1 - 0.07 - - 

Fallacia 
    

 
Fallacia pygmaea 

(Kützing) Round, Crawford & 
Mann 1990 

- - 0.04 

 
Fallacia tenera (Hustedt) Mann 1990 0.15 - 0.61 

Fragilaria 
    

 
F. capucina var.  capucina (Grunow) Van Heurck 1881 0.07 0.47 0.05 

 
F. capucina var. gracile (Ostrup) Hustedt 1950 - 0.59 - 

 
F. capucina var.  rumpens (Kützing) Lange-Bertalot 1991 0.11 0.80 0.08 

 
F. capucina var.  vaucheriae (Kützing) Lange-Bertalot 1980 0.14 0.26 1.14 
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Frustulia 

 
Frustulia vulgaris (Thwaites) De Toni 1891 0.03 - - 

Gomphenema 
    

 
Gomphonema acuminatum Ehrenberg 1832 0.32 0.03 0.10 

 
Gomphonema acutiusculum (O.Müll.) Cleve 1955 0.05 0.01 0.01 

 
Gomphonema angustum Agardh 1831 0.17 0.12 0.31 

 
Gomphonema gracile Ehrenberg 1838 0.03 0.17 - 

 
Gomphonema intricatum Kützing 1844 0.02 0.04 - 

 
Gomphonema lagenula Kützing 1844 0.07 0.14 0.06 

 
Gomphonema longiceps Ehrenberg 1854 0.00 0.04 - 

 
Gomphonema minutum C.Agardh 1831 1.36 15.44 2.50 

 
Gomphonema parvulum Kützing 1849 0.56 7.34 0.04 

 
Gomphonema pseudoaugur Lange-Bertalot 1979 0.02 0.08 0.02 

 
Gomphonema sp01 - 0.02 0.07 0.22 

 
Gomphonema sp02 - 0.01 - - 

 
Gomphonema sp03 - 0.10 0.04 0.02 

 
Gomphonema sp04 - - 0.01 - 

 
Gomphonema sp05 - 3.75 0.01 - 

 
Gomphonema sp06 - - 0.61 - 

 
Gomphonema sp07 - - - 0.24 

 
Gomphonema sp08 - - 0.01 - 

 
Gomphonema sp09  - - 0.02 - 

 
Gomphonema sp10 - 0.04 0.44 0.01 

 
Gomphonema truncatum Ehrenberg 1832 0.23 0.02 0.08 

 
Gomphonema undulatum Hustedt 0.08 0.06 0.03 

Gyrosigma 
    

 
Gyrosigma acuminatum (Kützing) Rabenhorst 1853 0.20 0.02 0.02 

 
Gyrosigma attenuatum (Kützing) Rabenhorst 1853 - - 0.03 

 
Gyrosigma sp1 - - - 0.02 

Hantzschia 
    

 
Hantzschia amphioxys (Ehrenberg) Grunow 1877 0.23 - - 

Hippodonta 
    

 
Hippodonta capitata (Ehrenberg) Lange Bertalot 1996 0.63 0.01 - 

Karayevia 
    

 
Karayevia clevei 

(Grunow ) Round & Bukhtiyarova 
1996 

0.10 0.24 0.03 

Luticola 
    

 
Luticola goeppertiana (Bleisch) Mann 1990 0.02 0.03 0.08 

 
Luticola mutica (Kützing) Mann 1990 0.30 0.14 0.18 

Mastogloia 
    

 
Mastogloia elliptica (C. Agardh) Cleve in Schmidt 1893 0.01 0.00 - 

Mayamaea 
    

 
Mayamaea atomus (Kützing) Lange & Bertalot 1997 - - 1.39 

Melosira 
    

 
Melosira distans (Ehrenberg) Kützing 0.05 0.16 - 

 
Melosira varians Agardh 1827 1.56 3.26 2.00 
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Navicula 
    

 
Navicula aff. - 0.01 - - 

 
Navicula capitatoradiata Germain 1981 0.99 0.40 0.14 

 
Navicula cryptocephala Kützing 1844 0.01 0.00 0.17 

 
Navicula cryptotenella Lange-Bertalot 1985 1.42 0.73 0.33 

 
Navicula cryptotenelloides Lange-Bertalot 1993 1.42 2.85 0.47 

 
Navicula densa Hustedt 0.08 0.33 0.04 

 
N. dicephela var. undulate Østrup 0.09 0.05 - 

 
Navicula erifuga Lange-Bertalot 1985 0.12 0.14 - 

 
Navicula lanceolata (Agardh) Kützing 1844 0.10 0.02 0.23 

 
Navicula leptostriata Jørgensen 1948 - 0.06 - 

 
Navicula radiosa Kützing 1844 - 0.17 - 

 
Navicula salinarum (Grunow) Cleve & Grunow 1880 0.28 1.02 - 

 
Navicula schroeterii Meister 1932 0.60 0.36 0.23 

 
Navicula sp03 - 0.00 - - 

 
Navicula sp07 - - 0.02 - 

 
Navicula sp08 - - 0.01 0.07 

 
Navicula sp09 - - - 0.01 

 
Navicula sp10 - - - 0.50 

 
Navicula sp11 - - - 0.45 

 
Navicula sp12 - - - 0.03 

 
Navicula sp13 - - - 0.07 

 
Navicula tenelloides Hustedt 1937 0.06 0.00 - 

 
Navicula trivialis Lange & Bertalot 1980 0.01 0.20 0.12 

 
Navicula viridula var. rostellata (Kützing) Cleve 1985 - - 0.06 

 
Navicula viridula var.  viridula (Kützing) Ehrenberg 1838 0.21 0.12 0.40 

Neidium 
    

 
Neidium affine (Ehrenberg) Pfitzer 1871 0.01 - - 

Nitzschia 
    

 
Nitzschia acicularis (Kützing) W. Smith 1853 - - 0.08 

 
Nitzschia acidoclinata Lange & Bertalot 1976 - - 0.21 

 
Nitzschia acuta Cleve 1878 - - 0.89 

 
Nitzschia agnita Hustedt 1957 0.02 0.02 0.27 

 
Nitzschia amphibia Grunow 1862 0.13 0.01 0.86 

 
Nitzschia aurariae Cholnoky 1966 0.17 0.10 - 

 
Nitzschia biacrula Hohn et Hellerman 1963 0.14 0.05 0.32 

 
Nitzschia capitellata Hustedt in A. Schmidt 1922 0.40 0.16 0.03 

 
Nitzschia clausii Hantzsch 1860 - 0.00 0.26 

 
Nitzschia closterium (Ehrenberg) W.Smith 1853 0.16 - 2.96 

 
Nitzschia communis Rabenhorst 1860 - - 0.47 

 
Nitzschia desertorum Hustedt 1949 - 0.02 2.65 

 
Nitzschia dissipata (Kützing) Grunow 1862 0.15 0.02 - 

 
Nitzschia filiformis (W. Smith) Van Heurck 1896 0.69 0.13 0.17 

 
Nitzschia frustulum (Kützing) Cleve & Grunow 1880 1.74 1.65 13.79 

 
Nitzschia gracilis Hantzsch 1860 - - 0.02 

 
Nitzschia inconspicua Grunow 1862 - 0.27 1.50 



Appendices 

161 

 

 
Nitzschia intermedia Hantzsch ex Cleve & Grunow 1880 0.09 0.08 0.24 

 
Nitzschia invicta Hustedt 1942 0.11 0.03 - 

 
Nitzschia lacuum Lange-Bertalot 1980 1.87 1.15 5.88 

 
Nitzschia liebetruthii Rabenhorst 1864 0.26 0.03 0.55 

 
Nitzschia linearis (Agardh) W. Smith 1853 0.77 0.16 0.16 

 
Nitzschia microcephala (Grunow) Cleve & Möller 1878 0.00 - 0.01 

 
Nitzschia palea (Kützing) W. Smith 1856 2.43 1.17 2.49 

 
Nitzschia paleacea Grunow 1880 - - 8.22 

 
Nitzschia paleaeformis Hustedt 1950 1.28 2.43 1.69 

 
Nitzschia perminuta (Grunow) M. Peragallo 1903 - - 0.02 

 
Nitzschia recta (Hantzsch) Rabenhorst 1861-1879 0.14 - 0.01 

 
Nitzschia reversa Hassall 1845 0.01 - - 

 
Nitzschia scalaris (Ehrenberg) W.Smith 1853 0.08 - - 

 
Nitzschia sigmoidea (Nitzsch) W. Smith 1853 0.07 0.01 - 

 
Nitzschia tropica Hustedt 1949 - - 2.04 

 
Nitzschia vidovichii Grunow - - 0.28 

Pinnularia 
    

 
Pinnularia braunii (Grunow) Cleve 1895 0.06 0.00 0.01 

 
Pinnularia microstauron (Ehrenberg) Cleve 1891 0.02 - 0.45 

 
Pinnularia subcapitata Gregory 1856 - - 0.02 

 
Pinnularia viridiformis Krammer 1992 0.06 0.01 0.02 

Planothidium 
    

 
Planothidium delicatulum (Kützing) Round & Bukhtiyarova 1996 0.04 0.02 - 

 
Planothidium ellipticum (Cleve) Round & Bukhtiyarova 1996  0.30 0.26 1.33 

 
Planothidium frequentissimum Krammer & Lange-Bertalot 1999 - 1.42 3.65 

 
Planothidium haynaldii Schaarschmidt 1881 0.18 0.52 0.12 

 
Planothidium lanceolatum (Brébisson ex Kützing) Lange-Bertalot 1999 1.77 0.96 - 

Pleurosigma 
    

 
Pleurosigma elongatum W. Smith 1852 0.15 0.02 0.05 

Psammothidium 
    

Psammothidium oblongellum Østrup 1902 2.30 3.69 0.01 
Pseudostaurosira 

    
 

Pseudostaurosira parasitica (W. Smith) Morales 2003 2.50 0.17 - 
Rhoicosphenia 

    
 

Rhoicosphenia abbreviata (Agardh) Lange-Bertalot 1980 22.03 14.81 2.71 
Rhopalodia 

    
 

Rhopalodia brebissonii Krammer 1987 0.50 0.01 0.03 

 
Rhopalodia gibba (Ehrenberg) O. Müller 1895 1.37 0.03 0.26 

 
Rhopalodia musculus (Kützing) O. Müller 1899 1.54 0.00 0.54 

 
Rhopalodia novae-zelandiae Hustedt 1949 2.42 0.14 - 

 
Rhopalodia operculata (C.Agardh) Håkanasson 1979 2.31 - 0.03 

 
Rhopalodia sp1 - - - 0.15 

Rossithidium 
    

 
Rossithidium linearis (W.Smith) Round & Bukhtiyarova 1996 0.05 0.15 - 

Sellaphora 
    

 
Sellaphora pupula (Kützing) Mereschkovsky 1902 0.07 0.03 0.01 
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Sellaphora seminulum (Grunow) Mann 1989 - - 10.88 

Seminavis 
    

 
Seminavis sp1 - 0.01 - - 

Simonsenia 
    

 
Simonsenia delognei (Grunow) Lange-Bertalot 1979 0.00 - - 

Stauroneis 
    

 
Stauroneis anceps Ehrenberg 1843 0.11 2.01 - 

Staurosira 
    

 
Staurosira elliptica 

(Schumann) Williams & Round 
1987 

- - 0.04 

Stenopterobia 
    

 
Stenopterobia intermedia (F.W.Lewis) Van Heurck 1896 0.11 0.00 - 

Surirella 
    

 
Surirella angusta Kützing 1844 0.07 - 0.01 

 
S. brebissonii var. kuetzingii Krammer & Lange-Bertalot 1987 0.01 0.01 0.00 

 
Surirella brightwellii W.Smith 1853 0.02 - 0.03 

 
Surirella linearis W.Smith 1853 0.02 0.01 - 

 
Surirella ovalis Brébisson 1838 0.03 - - 

 
Surirella sp4 - - 0.01 - 

 
Surirella suecica (Grunow) Van Heurck 1881 0.01 0.00 - 

Tabellaria 
    

 
Tabellaria flocculosa (Roth) Kützing 1844 - 0.00 - 

Tabularia 
    

 
Tabularia fasciculata var. 1 (Agardh) Williams & Round 1986 1.67 0.02 0.30 

 
Tabularia fasciculate var. 2 (Agardh) Williams & Round 1986 0.10 0.09 0.05 

 
Tabularia investiens (W.Smith) Williams & Round 1986 0.02 0.01 - 

Tryblionella 
    

 
Tryblionella apiculata Gregory 1857 0.23 - 0.18 

 
Tryblionella calida (Grunow) Mann 1990 0.09 0.01 - 

 
Tryblionella debilis (Arnott) O'Meara 1873 0.00 - 0.10 

 
Tryblionella hungarica (Grunow) Mann 1990 0.02 - - 

 
Tryblionella levidensis (W. Smith) Cleve & Grunow 1880 0.00 - 0.03 

Ulnaria 
    

 
Ulnaria acus (Kützing) M.Aboal 2003 - 0.36 - 

 
Ulnaria ulna var.  aequalis (Kützing) Hustedt 1930 0.06 0.01 0.01 

 
Ulnaria ulna var.  biceps (Kützing) Schönfeldt 1913 0.20 0.19 0.04 

 
Ulnaria ulna var.  contracta Østrup 1901 0.23 1.52 0.01 

 
Ulnaria ulna var. 1 - - 0.01 0.11 

 
Ulnaria ungeriana (Grunow) P.Compère 2001 0.31 0.91 - 

 
Ulnaria ungeriana (abnormal) - 0.02 0.01 - 
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