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Chapter 5: Sources of dissolved organic matter and extracellular enzyme activity in vegetated 

and non-vegetated reaches. 

5.1 Introduction 

Dissolved organic matter (DOM) is the largest pool of organic carbon within most aquatic 

ecosystems (Findlay & Sinsabaugh 1999). DOM is comprised of a complex mixture of dissolved 

organic carbon (DOC) substrates and other nutrients, and provides a major source of energy to 

heterotrophic communities (Bott et al. 1984, Findlay & Sinsabaugh 1999). A number of other 

ecosystem processes such as nutrient retention and autotrophic production can also be 

facilitated and regulated by the quantity and quality of DOC (see Chapters 3 and 4, Findlay & 

Sinsabaugh 1999). The quality of DOC describes its’ chemical composition and has been related 

to the susceptibility of DOC to enzymatic degradation by heterotrophs (Strauss & Lamberti 

2002). DOC quality is largely controlled through the sources of DOC within the system (Findlay 

& Sinsabaugh 1999) and environmental conditions (Wetzel et al. 1995, Howitt et al. 2008). 

Within most aquatic systems, the majority of DOC is derived from allochthonous sources which 

yield high-molecular weight compounds compared to autochthonous sources (McDonald et al. 

2004). Coarse, fine and particulate fractions of organic matter undergo physical fragmentation 

and mineralisation to produce DOC. However, because DOC compounds can be transported 

large distances (e.g. from floodplains to the main channel, Robertson et al. 1999), the visual and 

quantitative analysis of the coarse, fine and particulate organic matter fractions present within 

reaches may not be indicative of the sources or quality of DOC within the overlying water 

column.  

Extracellular enzymes  

The uptake of DOC and other energy sources by heterotrophic microbes is generally restricted 

to low-molecular compounds (i.e. less than 600 daltons) and controlled by the pore-size of the 

cellular membrane of the consumer (Weiss et al. 1991). Heterotrophic microbes are able to 

assimilate previously unavailable compounds through the release of extracellular enzymes 

(proteins predominantly made of carbon and nitrogen) that catalyse specific hydrolytic 

reactions. During hydrolysis, larger compounds are chemically cleaved into more labile forms 
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allowing the compounds to be transported through the cellular membrane (Chrost 1991). The 

extracellular enzymes can be passively or actively released from the microbial cellular 

membrane. However, the release of most extracellular enzymes is energetically expensive and 

subsequently most enzymes are withheld until the particular compound is required or becomes 

available within the system (Arnosti 2003). To acquire carbon and nutrients in the most optimal 

energetically efficient way, heterotrophic microbes will release suites of enzymes that reflect 

their specific resource requirements, and the composition and quality of resources available 

within the environment (Sinsabaugh & Moorehead 1994, Sinsabaugh et al. 2002).  

The composition of extracellular enzymes that are attached to benthic substrates and other 

surfaces, as well as within the water column, have been used to identify the composition and 

utilisation of DOC in a wide variety of aquatic environments including wetlands (Freeman et al. 

1995, Burns & Ryder 2001), floodplain soils (Wilson et al. 2011), freshwater (Chappell & 

Goulder 1995, Harbott & Grace 2001, Findlay et al. 2003, Ylla et al. 2010) and estuarine systems 

(Sinsabaugh & Findlay 1995). Patterns of extracellular enzyme activity (EEA) have also been 

used to model relationships between heterotrophs and autotrophs within biofilms and the 

water column (Foreman et al. 1998, Artigas et al. 2009).   

Analysis of the rate of EEA that are specific to nitrogen and phosphorous uptake/acquisition 

have also been used to determine heterotrophic nutrient limitation within aquatic systems (Hill 

et al. 2006, Hill et al. 2010a, Hill et al. 2010b, Rier et al. 2011). The method primarily uses the 

balance of C-hydrolyisng/acquiring enzymes relative to nutrient (N and P) acquiring enzymes to 

determine the limiting nutrients, and has recently been termed ‘ecoenzymatic stoichiometry’ 

(Sinsabaugh et al. 2010).  

Anthropogenic disturbances 

The removal of riparian vegetation can alter the main sources of DOC through a variety of 

mechanisms which may lead to a reduction in DOC quality (i.e. higher concentrations of low-

molecular weight DOC compounds). For example, the quantity of allochthonous organic matter 

directly imported to streams may be reduced (Campbell et al. 1992, Sabater et al. 2000, Reid et 

al. 2008), while an increase in the amount of  photosynthetic active radiation (PAR) reaching 
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the stream may increase the rate of autochthonous-derived low-molecular weight DOC 

(McTammany et al. 2007, Julian et al. 2008). An increase in PAR can also facilitate the 

photodegradation of high-molecular weight DOC compounds to low-molecular weight 

compounds or alternatively photochemically transform autochthonous produced DOC to 

recalcitrant products (Wetzel et al. 1995, Tranvik & Bertilsson 2001, Howitt et al. 2008). Fine 

sediment can also increase water column turbidity, especially when surface water is connected 

(Prosser et al. 2001), which can reduce light penetration and the functioning of some microbial 

enzymes (Tietjen & Wetzel 2003, Tietjen et al. 2005). The availability of DOC for hydrolysis by 

microbial enzymes can decrease when DOC aggregate with inorganic particles in the water 

column or adsorbs onto some clay surfaces (Tietjen & Wetzel 2003), while enzyme production 

can also be altered (Tietjen et al. 2005). Under particular redox conditions, DOC can also bind 

with heavy metals (iron) complexes that reduces its’ availability to microbes (Jones et al. 1993).  

Extensive fertiliser application and other land-use practices can lead to increases the availability 

of nutrients, predominantly N and P (Townsend & Riley 1999, Harris 2001), which can increase 

rates of heterotrophic organic matter decomposition of within aquatic environments (Young et 

al. 1994, Stelzer et al. 2003, Bärlocher et al. 2010), as well as the increased production of 

autochthonous carbon by primary producers (Rier & Stevenson 2002, Stevenson et al. 2006). It 

has been suggested that the combination of nutrient availability and increases in temperature 

and light may lead to an increase in the production and consumption of carbon within aquatic 

ecosystems (Stanley et al. 2010b, Rier et al. 2011).  If there is an increase in nutrient availability, 

then this may be reflected in higher C-hydrolysing EEA compared to nutrient-acquiring EEA 

(Rier et al. 2011).  

Additionally, stream banks can become destabilised by the removal of riparian vegetation 

leading to large volumes of sediment transported through the system. The accumulation of 

sediment within the channel can lower the heterogeneity of instream morphology and 

geomorphic features, which may lead to a reduction in the retention and availability of 

allochthonous organic matter for microbial consumers (Wood & Armitage 1997, Pusey & 

Arthington 2003). Organic matter retained within reaches can become smothered in sediment 
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(see Chapter 4); a process that can produce anoxic conditions and limit the heterotrophic 

processing of organic matter (Bunn 1988, Benfield et al. 2001).  

Hydrology 

The quantity of both allochthonous and autochthonous sources of organic matter within 

aquatic systems is also dependent on seasonal and hydrological processes, and has the 

potential to alter the concentration and quality of in-stream DOC (Findlay & Sinsabaugh 1999). 

Studies in the northern hemisphere have shown that increases in in-stream DOC concentration 

is aligned with the timing of peak litterfall from deciduous riparian and floodplain trees (Romaní 

et al. 2006). However, in intermittent streams in southeastern Australia, peak litterfall in 

summer generally coincides with the low and no-flow periods (Bunn 1988, Boulton & Lake 

1992). During these periods, the seasonal increase in PAR and surface water temperatures can 

also increase the rates of autotrophic production (Mulholland et al. 2001). As such, the higher 

quality carbon produced by autotrophs that has a low-molecular weight (e.g., peptides 

providing N and C) would be preferentially used by heterotrophs, switching to lower quality 

allochthonous sources of carbon (polysaccharides, providing only C) as disconnected pools dry 

over time (Ylla et al. 2010).  

Rates of discharge can vary greatly within intermittent streams, which can cause fluctuations in 

the quantity of coarse and fine benthic organic matter within reaches (see Chapter 4, Treadwell 

et al. 1997, Acuoa et al. 2007). During precipitation and storm events, large quantities of DOC 

can be deposited directly from the rainwater into the stream (Willey et al. 2000) or mobilised 

from terrestrial soils (Kaplan & Newbold 1993, Boyer et al. 1997). The increase in wetted area 

and alteration of flowpaths through the soil profile can facilitate leaching of DOC from 

previously dry organic matter and soils. Typically, water transported through the upper soil 

horizon will contain high concentrations of DOC compared to water flowing through lower soil 

layers (Kaplan & Newbold 1993, Boyer et al. 1997), and studies have shown that the presence 

of riparian vegetation can also affect the quantity and quality of DOC in soil (Hinton et al. 1998, 

Findlay et al. 2001). Therefore, the fluctuation in allochthonous organic matter or the different 
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flowpaths of DOC to the streams may vary between vegetated and non-vegetated reaches 

during high-flow periods and be reflected in patterns of EEA.   

Following temporary-river ecology and the pattern of DOC concentrations between reaches, it 

would be expected that the largest variation in DOC sources would occur during the low and 

no-flow periods when surface water is fragmented (see Chapter 3, Larned et al. 2010). It also 

suggests that the variation in DOC sources between vegetated and non-vegetated reaches 

would occur during these periods of fragmentation, however, the evidence from previous 

studies on flowpaths suggests that differences can still occur during periods of connectivity 

(Hinton et al. 1998, Findlay et al. 2001). Additionally, as the largest variation in other nutrient 

concentrations between reaches occurred during the no-flow period, this suggests that 

variation in the activity of the nutrient acquiring enzymes would also be highest during this 

period.  

Aims 

The aim for this chapter is to use EEA to determine if there were significant differences in the 

sources of DOC between vegetated and non-vegetated reaches, and during different 

hydrological conditions. 

1)  To identify the sources of DOC within vegetated and non-vegetated reaches, I aim to 

investigate the activity and patterns of three C-hydrolysing enzymes: α-glucosidase, β-

glucoside and β-xyloside. I expect that there will β-xylosidase activity will be higher at 

vegetated reaches and higher α-glucosidase activity at non-vegetated reaches. 

2) I also aim to examine the activity of the nutrient acquiring enzymes, leucine 

aminopeptidase, β-N-Acetyl glucosaminidase and alkaline phosphatase. I predict that 

during low flow conditions, there will be a large variation in enzyme activity within and 

between vegetated and non-vegetated reaches.  

3) A further objective of this chapter is to explore the major biophysical drivers in patterns 

of EEA within vegetated and non-vegetated reaches. The variables used to explore these 

relationships included; surface water nutrient stoichiometry and nutrient concentration, 

organic matter sources, and hydro-geomorphic variables. 
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5.2 Methods 

Water column samples were collected at each reach across four different discharges. At each 

sampling time, triplicate unfiltered water samples were collected for EEA measurements and 

frozen until analysis. On each sampling occasion, pH, temperature, conductivity (mS cm-1) were 

measured using a WP-81 meter (TPS, Brisbane, Australia), and dissolved oxygen (mg L-1) 

measured using an Orion Star Plus meter (Thermo Fisher Scientific, USA).   

Analysis of extracellular enzyme activity 

The activity of extracellular enzymes can be analysed through the use of fluorescent 4-

methylum-belliferone-derived artificial substrates. The technique was primarily derived for the 

analysis of enzyme activity in soil substrates, but was later adapted for aquatic ecosystems 

(Hoppe 1983, Somville 1984). During hydrolysis, the extracellular enzymes that are present 

within the particular sample will facilitate the release of flourophores, which are part of the 

chemical bonds of the artificial substrates (Hoppe 1993). Six different substrates (listed in Table 

5.1) were selected for their frequent use in the literature for DOC source and nutrient limitation 

analyses (Jones & Lock 1989, Burns & Ryder 2001, Harbott & Grace 2005, Hill et al. 2006). The 

three different C-hydrolysing enzymes were also selected as each enzyme targets a different 

bond, therefore allowing for a broad range of C-compounds to be explored (i.e. allochthonous 

vs. autochthonous sources of C).  

Thawed EEA samples were firstly filtered through a glass fibre filters (0.7 µm pore size 

Whatman GF/F) and then through a 0.45 µm membrane filters (Millipore). I prepared the six 

substrates similar to the method described by Harbott and Grace (2005), to optimise substrate 

saturation concentrations in the filtered water samples. The substrates were dissolved in 5 mM 

pH 8.2 autoclaved biocarbonate buffer, except for L-leucine 7-amido-4-methyl-coumarin, which 

was dissolved in autoclaved Milli-Q water, as it is known to be unstable in buffer. Aliquots of 

100 µL substrate solution were combined with 100 µL of the filtered water samples, in black 96 

well plates (Nunc brand).  
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Table 5.1: List of substrates used to examine the activity of different extracellular enzymes. 

 Enzyme Substrate Abbreviation Action 

Carbon 
specific 

enzymes 

α-1, 4-glucosidase 
(exocellulase) 

 
4-MUB-α-glucoside α-glu 

Starch degradation: 
cleaves maltose and 

starch linkages (Rulík & 
Spáčil 1999). 

β-1, 4-glucosidase 
(exocellulase) 

 
4-MUB-β-glucoside β-glu 

Cellulose degradation: 
cleaves cellobiose into 
two glucose monomers 
(Mansfield et al. 1999). 

β-xylosidase 
(endocellulase) 

 
4-MUB-β-xyloside Xylo 

Cellulose degradation: 
targets glucosyl bonds 

along the linear polymer 
(Sinsabaugh 1981). 

Produces free-chain ends 
on the glucose surface for 
cellobiohydrolases to act 

upon (Mansfield et al. 
1999). 

 
Nutrient 
specific 

enzymes 

β-N-acetyl 
glucosaminidase 

4-MUB-N-acetyl-β-D-
glucosaminide 

NAG 

Hydrolyses glycosyl-N 
bond in chitin, releasing a 
smaller molecule of C-N 

(Olander & Vitousek 
2000). Acquisition of 

organic N (Sinsabaugh & 
Moorhead 1994). 

leucine 
aminopeptidase 

L-leucine 7-amido-4-
methyl-coumarin 

LAP 
Acquisition of organic N 

from protein (Sinsabaugh 
et al. 1997). 

alkaline phosphatase 
 

MUB-phosphate AP 
Acquisition of organic P 

(Olander & Vitousek 
2000) 
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Immediately following preparation, fluorescence was read at room temperature (approximately 

20°C) on a ISS K2 Multifrequency Phase fluorometer (model 95150) attached to an ISS K428 

Microwell plate reader (96-well, model 90340) under optimised conditions of a 365 nm 

wavelength/5 nm slit width excitation filter and a 450 nm wavelength/2.5 nm slit width 

emission filter. Fluorescence readings were recorded from time zero, every 30 minutes for nine 

hours for each well plate, using the ISS Vinci 1.7 software (www.iss.com). The well plates were 

kept in the dark for the duration of the measurements. The final substrate concentration in 

each well was 500 μM, corresponding to the concentration at saturation as determined from 

previous kinetic assays (Harbott & Grace 2005). The increase in fluorescence over time is 

proportional to the enzyme present in the sample, which then provides a measure of the 

potential microbial EEA (Findlay et al. 1997, Moorhead & Sinsabaugh 2000). The concentrations 

of liberated fluorophores were determined from a standard curve of 4-methylumbelliferone (4-

MUB) in buffer and milli-Q. The final concentrations used for the standard curve were 0.1, 1.0, 

2.5, and 5 μM. Aliquots of 100 μL standard curve solution were combined with 100 µL of 

autoclaved milli-Q water in the well plates. The same 1:1 ratio of substrate/sample was kept to 

account for any scattering caused by fine particles (< 0.45 μm) in the filtered water samples. A 

combination of 100 μL aliquots of substrate solution and 100 μL of autoclaved milli-Q water 

were used as blanks. The coefficient determined by regression analysis of the 4-MUB standard 

curve was used to determine the rate of enzyme-released 4-MUB for each sample and 

substrate combination, and were expressed as µM 4-MUB L-1 h-1. Unfortunately, the activity of 

NAG could not be detected in the fluorescence analyses and so were left out of any statistical 

analyses.  
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Statistical analyses 

To test for significant differences in the activity of the five extracellular enzymes between 

vegetated and non-vegetated reaches, and across time, I used a three-factor ANOVA outlined in 

Chapters 3 and 4. The model consisted of three factors: i) Treatment – vegetated and non-

vegetated (a=2; fixed), ii) Stream – Moredun Creek, Gwydir River, Roumalla Creek, Booralong 

Creek and Laura Creek (b=5; random), iii) Time – four sampling occasions (c=4; random). 

Individual analyses were run for each enzyme using PERMANOVA. The enzyme data were 

log(x+1) transformed prior to analysis to improve normality. PERMDISP analyses were used to 

test for significant differences in dispersions. MDS plots in PERMANOVA were also used to 

explore differences in EEA.  

The statistical power of the main test was increased through replication at the treatment level, 

whereby the data from both the control and treatment streams were combined so that the 

analyses included five vegetated and five non-vegetated reaches. This meant that the statistical 

design became unbalanced (an unequal number of replicate samples within each factor level) 

and as such the formulae used for a balanced design (Table 5.2) were invalid. The correct 

formulae used for the unbalanced design as determined by the PERMANOVA program are listed 

in Appendix 5 and will be referred to throughout the results section. 

To discriminate between the effects of the main treatment (vegetation) and the natural 

longitudinal change in enzyme activity, single one-way ANOVAs were used to test for significant 

differences between locations (Lo) on each of the control streams. Three individual tests were 

performed within PERMANOVA for each enzyme – two were for testing the difference between 

locations on each control stream separately, and a third test combined the data from both 

control streams. Data were pooled across time within each test, and Monte-Carlo p-values 

were used as only 35 unique permutations could be generated (tables of formulae are listed in 

Appendix 3, tables of results are listed in Appendix 4).  
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Linear regression analyses were conducted to explore the relationships between the activity of 

individual enzymes and various hydro-geomorphic and biogeochemical variables. The enzyme 

activity dataset was log(x+1) transformed prior to linear regression analyses. The predictor 

variables included: surface water nutrient concentration and nutrient stoichiometry, benthic 

organic matter composition and hydro-geomorphic variables which are listed with their 

respective transformations in Table 5.3. Before conducting the analyses, residual plots were 

examined for outliers, and datasets were checked for samples with large leverage. If identified, 

these values were removed and the new sample size (n) reported within the results table. As 

the risk of making Type I errors increases with the number of single linear regressions (Quinn & 

Keough 2002), the regressions were only accepted as significant if p ≤ 0.025, following 

Bonferroni’s principal (Quinn & Keough 2002). All analyses were conducted using SYSTAT 

(Version 12.0).  

Following the single linear regressions, all predictor variables that were significantly correlated 

to an individual enzyme were combined into a dataset, which was specific to each enzyme. The 

datasets were then used to perform conditional tests within the DISTLM routine in 

PERMANOVA (outlined in Chapter 4). This was in order to determine which of the significant 

predictor variable(s) were most correlated with the variation in EEA. 

 
Table 5.2: Table of formulae for a balanced statistical design. Treatment is a fixed factor and has two 
levels (a=2), stream is a random factor and has five levels (b=5), and time is a random factor with four 
levels (c=4). Tables of correct formulae for the unbalanced design are listed in Appendix 5 and will be 
referred to in the results section. 

 
 

Source of 
variation 

Multipliers 
 
i         j        k         r 

Degrees of 
freedom 

Expected mean square  Variance 
component 

1 Treatment = Tr 0 b c N a-1 σ
2

e + nσ
2

TrStTi + bnσ
2

TrTi + cnσ
2

TrSt + 
bcnσ

2
Tr 

(MSTr - MSe)/bcn 

2 Stream = St a 1 c N b-1 σ2
e + anσ2

StTi + acnσ2
St (MSSt - MSe)/acn 

3 Time = Ti a b 1 n c-1 σ2
e + anσ2

StTi + abnσ2
Ti (MSTi - MSe)/abn 

4 Tr x St 0 1 c n (a-1)(b-1) σ
2

e + nσ
2

TrStTi + cnσ
2

TrSt (MSTrSt - MSe)/cn 

5 Tr x Ti 0 b 1 n (a-1)(c-1) σ2
e + nσ2

TrStTi + bnσ2
TrTi (MSTrTi - MSe)/bn 

6 St x Ti a 1 1 n (b-1)(c-1) σ2
e + anσ2

StTi (MSStTi - MSe)/an 

7 Tr x St x Ti 0 1 1 n (a-1)(b-1)(c-1) σ
2

e + nσ
2

TrStTi (MSTrStTi - MSe)/n 

8 Residual = e 1 1 1 1 abc(n-1) σ2
e MSe 
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Table 5.3:  List of predictor variables and their respective transformations used in the regression 
analyses. SA:V = surface area:volume ratio, C-repro = C. cunninghamiana reproductive structures, UI = 
unidentified fraction. 

Variable  Transformation Variable Transformation 

No. of features - DOC (mg L-1) - 

Flow percentile Log(x+1) NOx (mg L-1) Box-Cox 

Velocity Log(x+0.1) SRP (mg L-1) 1/(x+1) 

SA:V - TN (mg L-1) Log(x) 

Wetted area - TP (mg L-1) 1/(x+1) 

CBOM (g m-2) Log(x+1) DOC:NOx - 

FBOM (g m-2) Log(x+1) NOx:SRP - 

Needle (g m-2) Log(x+1) DOC:SRP - 

Wood (g m-2) Log(x+1) DOC:TN - 

C-repro (g m-2) Log(x+1) TN:TP - 

Leaf (g m-2) Log(x+1) DOC:TP - 

Macrophyte (g m-2) Log(x+1) DOC (g day-1) √x with sign reinstated 

UI (g m-2) Log(x+1) NOx (g day-1) √x with sign reinstated 

CBOM (g) Log(x+1) SRP (g day-1) √x with sign reinstated 

FBOM (g) Log(x+1) TN (g day-1) x.33 with sign reinstated 

Needle (g) Log(x+1) TP (g day-1) √x with sign reinstated 

Wood (g) Log(x+1) CBOM (g day-1) √x with sign reinstated 

C-repro (g) Log(x+1) FBOM (g day-1) √x with sign reinstated 

Leaf (g) Log(x+1) Needle (g day-1) √x with sign reinstated 

Macrophyte (g) Log(x+1) Wood (g day-1) √x with sign reinstated 

UI (g) Log(x+1) C-repro (g day-1) √x with sign reinstated 

  Leaf (g day-1) √x with sign reinstated 

  Macrophyte (g day-1) √x with sign reinstated 

  UI (g day-1) √x with sign reinstated 
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5.3 Results 

The results of the multivariate PERMANOVA test using the activities of all five enzymes showed 

that there was no overall significant effect of vegetation (Table 5.4). However, the MDS showed 

that there was variation in mean rates of EEA between the vegetated and non-vegetated 

reaches during February and May, the low and no-flow periods, as well as during September, 

the first high-flow sampling period (Figure 5.1). The tests of the effect of location within control 

streams showed there were no significant differences for each individual enzyme (Appendix 4, 

Tables A4.16 – A4.20). The result was consistent for each test when data were combined 

between the two control streams and on each individual control stream (Appendix 4, Tables 

A4.16 – A4.20). 

There was a significant effect of hydrology (time) on enzyme activity as determined by the 

PERMANOVA test (p = 0.001, Table 5.4). A significant interaction existed between streams and 

time, which indicates that there was variation in the effect of hydrology on enzyme activity 

across streams (p = 0.003, Table 5.4). The PERMDISP analyses showed that there was a 

significant difference in dispersions between sampling times (p = 0.012). Taking into 

consideration the results of the PERMDISP and PERMANOVA tests, and the MDS, this shows 

that the activities of extracellular enzymes are sensitive to hydrology, and that there is large 

variation in EEA between all reaches during no-flow conditions and also during the initial high-

discharge events that reconnects pools. 

Table 5.4: Results of PERMANOVA main test for significant differences in mean EEA activity using all five 
substrates (µM 4-MUB L-1 h-1) between treatment (Tr), streams (St), time (Ti), and their significant 
interactions (n=3). All ten reaches were used in the analysis. Significant results are in bold type. 

Source df SS MS Pseudo-F P(perm) 

Tr 1 4.436 4.436 2.870 0.082 
St 4 25.678 6.420 1.601 0.091 
Ti 3 74.783 24.928 5.678 0.001 
TrxSt** 2 3.067 1.533 0.578 0.692 
TrxTi 3 2.851 0.951 0.358 0.915 
StxTi 12 49.403 4.117 2.701 0.003 
TrxStxTi** 5 13.267 2.653 1.741 0.099 
Res 7 10.669 1.524   
Total 37 185.000    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.11 for correct formulae. 
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Figure 5.1: MDS of mean (n=3) EEA of all five enzymes (μM 4-MUB L-1 h-1). Samples were from all non-
vegetated (labeled 1) and vegetated (labeled 2) reaches during the four sampling periods (February – 
triangles, May – inverted triangles, September – squares, November – diamonds). 

 

 

Activity of C-hydrolysing enzymes 

β-glu activity 

There was no significant difference in β-glu activity between vegetated and non-vegetated 

reaches, however, there was a significant effect of hydrology (p = 0.01, Table 5.5). The β-glu 

enzyme showed a large amount of variation in mean rates of EEA within vegetated (0.6 to 28.2 

µM 4-MUB L-1 h-1) and non-vegetated (0.6 to 39.3 µM 4-MUB L-1 h-1) reaches across all sampling 

times and the PERDISP test confirmed that the dispersions were not significantly different 

(Figure 5.2). Rates of β-glu activity were highest at the non-vegetated downstream control 
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reach, Laura Bridge, during May which was the no-flow period (39.3 µM 4-MUB L-1 h-1, Figure 

5.2). During September, the first high-flow period, β-glu activity was highest within the non-

vegetated upstream control reach, Laura Homestead (24.1 4-MUB L-1 h-1) and at the Moredun 

non-vegetated reach (18.7 4-MUB L-1 h-1). With the exception of the Gwydir vegetated and 

Booralong Bridge reaches during February and May, β-glu activity across all sampling times was 

generally lower at the vegetated reaches in comparison to the non-vegetated reaches. During 

November, the second high-flow period, β-glu activity decreased within both the vegetated and 

non-vegetated reaches (Figure 5.2). The results of the PERMANOVA test showed that there was 

a significant interaction between treatment, stream and time, and a significant effect of time (p 

= 0.021, Table 5.5). The PERMDISP test showed that there was a significant difference in 

dispersions between sampling times for this enzyme which means that the variation in mean 

rates of β-glu EEA between reaches is sensitive to changes in hydrology (p = 0.013).  

 
 
Table 5.5: Results of PERMANOVA main test for significant differences in mean β-glu activity (µM 4-MUB 
L-1 h-1) between treatment (Tr), streams (St), time (Ti), and their significant interactions (n=3). All ten 
reaches were used in the analysis. Significant results are in bold type. 

 

Source df SS MS Pseudo-F P(perm) 

Tr 1 1.282 1.282 3.900 0.092 
St 4 6.433 1.608 3.065 0.058 
Ti 3 10.644 3.548 6.120 0.010 
TrxSt** 2 0.552 0.279 0.325 0.737 
TrxTi 3 0.822 0.274 0.323 0.809 
StxTi 12 6.511 0.543 4.774 0.021 
TrxStxTi** 5 4.246 0.849 7.472 0.005 
Res 7 0.796 0.114   
Total 37 32.542    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.11 for correct formulae. 
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Figure 5.2: Mean surface water extracellular enzyme activity of the carbon specific enzymes (µM 4-
MUB L-1 h-1), β-glu (A-B), α-glu (C-D), and xylo (E-F) sampled from vegetated (white background) and 
non-vegetated (grey background) reaches. Error bars represent the standard error of the sample mean 
(n=3). Patterning on bars correspond to the reaches on the treatment streams – Moredun Creek (dots), 
Gwydir River (diagonal stripes), Roumalla Creek (horizontal stripes). Dark grey bars represent the 
upstream reaches, Booralong CS and Laura Homestead, while the light grey bars represent the 
downstream reaches, Booralong Bridge and Laura Bridge, on each of the control streams. 
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α-glu  activity 

The results of the PERMANOVA test showed that there was a significant difference in α-glu 

enzyme activity between vegetated and non-vegetated reaches (p = 0.003, Table 5.6). During 

February, the no-flow period, α-glu activity ranged from 2.8 to 6.5 µM 4-MUB L-1 h-1 within the 

vegetated reaches, and 3.8 to 8.8 µM 4-MUB L-1 h-1 within the non-vegetated reaches (Figure 

5.2).  With the exception of the downstream vegetated control reach, Booralong Bridge, the 

activity of α-glu activity was consistently lower during the three remaining sampling times. The 

highest rates of α-glu activity occurred during the low and no-flow periods and then decreased 

during the high-flow periods September and November, across all non-vegetated reaches and 

vegetated reaches (Figure 5.2). The results of the PERMANOVA test also showed there was a 

significant difference in α-glu activity between sampling times (p = 0.014) and a significant 

interaction between streams and times (p = 0.046, Table 5.6). 

 

Table 5.6: Results of PERMANOVA main test for significant differences in mean α-glu activity (µM 4-MUB 
L-1 h-1) between treatment (Tr), streams (St), time (Ti), and their significant interactions (n=3). All ten 
reaches were used in the analysis. Significant results are in bold type. 
 

Source df SS MS Pseudo-F P(perm) 

Tr 1 2.002 2.002 21.901 0.003 
St 4 5.655 1.413 1.749 0.189 
Ti 3 12.965 4.322 4.865 0.014 
TrxSt** 2 7.357e-2 3.679e-2 5.644e-2 0.947 
TrxTi 3 0.260 8.657e-2 0.133 0.942 
StxTi 12 9.994 0.833 3.479 0.046 
TrxStxTi** 5 3.259 0.652 2.722 0.105 
Res 7 1.676 0.239   
Total 37 32.783    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.11 for correct formulae. 
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Xylo activity 

There was no significant effect of vegetation on xylo activity (Table 5.7). The PERMANOVA test 

showed that the effect of time was significant on xylo activity (p = 0.001, Table 5.7). Within 

both vegetated and non-vegetated reaches, xylo activity was less than 2 µM 4-MUB L-1 h-1 

during February and May, the low and no-flow sampling periods (Figure 5.2). During 

September, the first high-flow period, xylo activity increased to approximately                               

6 µM 4-MUB L-1 h-1 at the Roumalla vegetated, Booralong Bridge, Moredun non-vegetated and 

Laura Creek reaches. Xylo activity was below detection limits at both the Gwydir River reaches 

during September. However, during second high-flow sampling period, November, the xylo 

activity increased to approximately 6 4-MUB L-1 h-1 and approximately 5 4-MUB L-1 h-1 at the 

vegetated and non-vegetated Gwydir river reaches, respectively (Figure 5.2). The rate of xylo 

activity also increased across all other vegetated and non-vegetated reaches, and was slightly 

higher at the vegetated reaches compared to the non-vegetated reaches in this period (Figure 

5.2).  

 
 
Table 5.7: Results of PERMANOVA main test for significant differences in mean β-xylo activity (µM 4-
MUB L-1 h-1) between treatment (Tr), streams (St), time (Ti), and their significant interactions (n=3). All 
ten reaches were used in the analysis. Significant results are in bold type. 
 

Source df SS MS Pseudo-F P(perm) 

Tr 1 1.560e-2 1.560e-2 0.515 0.728 
St 4 1.531 0.383 1.710 0.210 
Ti 3 9.910 3.303 13.736 0.001 
TrxSt** 2 0.941 0.471 1.736 0.245 
TrxTi 3 0.207 6.891e-2 0.254 0.855 
StxTi 12 2.707 0.226 1.068 0.503 
TrxStxTi** 5 1.356 0.271 1.284 0.377 
Res 7 1.479 0.211   
Total 37 17.898    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.11 for correct formulae. 
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Sources of DOC 

Within the three C-hydrolysing enzymes, most of the activity across all sampling times within 

the non-vegetated reaches was driven by β-glu enzymes (Figure 5.2). Generally, this β-glu 

activity was supported by α-glu enzyme activity during February and May, the low and no-flow 

periods. The high rates of β-glu activity were then supported by xylo enzyme activity during 

September, the first high-flow sampling period. The vegetated reaches showed a similar pattern 

of enzyme activity in comparison to the non-vegetated reaches, during February and May, the 

low and no-flow periods. However, the Roumalla vegetated reach showed only xylo activity (of 

the three C-hydrolysing enzymes) during May, the no-flow period. Xylo enzyme activity was the 

main source of activity (> 5 4-MUB L-1 h-1) at both vegetated and non-vegetated reaches during 

November, the second high-flow sampling period (Figure 5.2). The activity of β-glu and α-glu 

enzymes decreased to less than 5 4-MUB L-1 h-1 at all reaches, with the exception of the Gwydir 

non-vegetated reach (approximately 17 4-MUB L-1 h-1), during November (Figure 5.2).    
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Activity of AP and LAP nutrient acquiring enzymes 

AP activity 

There was no significant difference in mean AP activity between vegetated and non-vegetated 

reaches, however, there were significant differences in mean AP activity between sampling 

times (p = 0.025, Table 5.8). The activity of AP was low (< 5.5 µM 4-MUB L-1 h-1) during 

February, the low-flow period, at all vegetated reaches and most non-vegetated reaches (Figure 

5.3). With the exception of the Roumalla vegetated reach, AP activity increased at most non-

vegetated and vegetated reaches during May (>  12.8 µM 4-MUB L-1 h-1), the no-flow period, 

and the highest AP activity occurred during this period at the downstream vegetated control 

reach, Booralong Bridge (217 µM 4-MUB L-1 h-1). Although there was a general decrease in AP 

activity during the high-flow periods, there was variability in whether AP activity decreased or 

increased between September and November, the first and second high-flow periods (Figure 

5.3). This variation in mean AP activity between streams and across time was supported by the 

stream and time significant interaction determined by the PERMANOVA test (p = 0.024, Table 

5.8). The PERMDISP analyses showed a significant difference in dispersions between times (p = 

0.006) for this enzyme.  

 

Table 5.8: Results of PERMANOVA main test for significant differences in mean AP activity (µM 4-MUB L-

1 h-1) between treatment (Tr), streams (St), time (Ti), and their significant interactions (n=3). All ten 
reaches were used in the analysis. Significant results are in bold type. 

Source df SS MS Pseudo-F P(perm) 

Tr 1 0.701 0.701 1.515 0.315 
St 4 3.615 0.904 0.639 0.647 
Ti 3 18.345 6.115 3.930 0.025 
TrxSt** 2 0.381 0.190 0.618 0.559 
TrxTi 3 1.456 0.485 1.576 0.281 
StxTi 12 17.512 1.459 3.907 0.024 
TrxStxTi** 5 1.540 0.308 0.824 0.569 
Res 7 2.615 0.374   
Total 37 49.697    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.11 for correct formulae. 
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Figure 5.3: Mean surface water extracellular enzyme activity of the nutrient acquiring enzymes (µM 4-
MUB L-1 h-1), AP (A-B) and LEU (C-D), sampled from vegetated (white background) and non-vegetated 
(grey background) reaches. Error bars represent the standard error of the sample mean (n=3). 
Patterning on bars correspond to the reaches on the treatment streams – Moredun Creek (dots), Gwydir 
River (diagonal stripes), Roumalla Creek (horizontal stripes). Dark grey bars represent the upstream 
reaches, Booralong CS and Laura Homestead, while the light grey bars represent the downstream 
reaches, Booralong Bridge and Laura Bridge, on each of the control streams. 

 

 

 

0 

50 

100 

150 

200 

250 

February May September November 

EE
A

 (
µ

M
 4

-M
U

B
 L

-1
 h

-1
) 

(A) AP 

February May September November 

(B) AP 

0 

100 

200 

300 

400 

500 

600 

February May September November 

EE
A

 (
µ

M
 4

-M
U

B
 L

-1
 h

-1
) 

 

(C) LEU 

February May September November 

(D) LEU 



Chapter 5: Extracellular enzyme dynamics 

216 

 

LAP activity 

There were no significant differences in LAP activity between vegetated and non-vegetated 

reaches (Table 5.9). The results of the PERMANOVA test showed that the difference in activity 

across time was significant (p = 0.027, Table 5.9) and the non-significant PERMDISP test 

confirmed that this was not due to differences in dispersions. The rate of LAP activity was the 

fastest of the five enzymes, with the highest rate again occurring at the Booralong Bridge reach 

during May, the no-flow sampling period (476 µM 4-MUB L-1 h-1, Figure 5.3). There was a large 

amount of variation in mean LAP activity within vegetated and non-vegetated reaches during 

February and May, the low and no-flow periods (Figure 5.3). LAP activity generally decreased 

across all reaches during September, the first high-flow sampling period, and then increased 

again during November, the second high-flow sampling period (Figure 5.3).  

 
Table 5.9: Results of PERMANOVA main test for significant differences in mean LAP activity (µM 4-MUB 
L-1 h-1) between treatment (Tr), streams (St), time (Ti), and their significant interactions (n=3). All ten 
reaches were used in the analysis. Significant results are in bold type. 
 

Source df SS MS Pseudo-F P(perm) 

Tr 1 4.749e-2 4.749e-2 3.240 0.114 
St 4 1.765 0.441 1.559 0.240 
Ti 3 4.006 1.335 4.323 0.027 
TrxSt** 2 3.656e-2 1.828e-2 0.391 0.693 
TrxTi 3 3.228e-2 1.076e-2 0.230 0.889 
StxTi 12 3.483 0.290 2.457 0.129 
TrxStxTi** 5 0.234 4.676e-2 0.396 0.794 
Res 7 0.827 0.118   
Total 37 10.660    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.11 for correct formulae. 
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Relationship between C-hydrolysing EEA with AP and LAP EEA 

The regression analyses showed a significant correlation between the activity of AP and LAP 

within the non-vegetated reaches (r2 = 0.21, Table 5.10). Within the vegetated reaches, the 

activity of all C-hydrolysing enzymes (all C) was significantly correlated with AP activity (r2 = 

0.38). The significant relationship between xylo and AP activity within the vegetated reaches 

yielded the highest coefficient of determination (r2 = 0.50, Table 5.10).  

 
 
Table 5.10: Slope (m) and squared multiple r (r) values of significant regression analyses between mean 

individual EEA (µM 4-MUB L-1 h-1). All-C is the sum of β-glu, α-glu and xylo activity. Asterisk indicates 
level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size, n, = 18, and ## indicates n=16. 
 

                      Vegetated                      Non-vegetated 

 AP LAP AP LAP 

AP 
 

 
  

m = 0.08 
r = 0.21* 

LAP 
 
 

   

β-glu 
 

 
   

α -glu 
 

 
   

xylo 
m = 0.99## 
r = 0.50** 

   

All C 
m = 0.29 
r = 0.38* 

   

 

 

 

 

 

 

 



Chapter 5: Extracellular enzyme dynamics 

218 

 

Correlation of hydro-geomrophic and biochemical variables to variation in enzyme activity 

Within the vegetated reaches, α-glu activity was positively correlated with flow percentile (r2 = 

0.42), and negatively correlated with velocity (r2 = 0.33) and wetted area (r2 = 0.26, Table 5.11). 

Xylo was negatively correlated with flow percentile (r2 = 0.63) and β-glu was also negatively 

correlated with wetted area (r2 = 0.26). Xylo activity in the non-vegetated reaches was 

negatively correlated with flow percentile (r2 = 0.75) and positively correlated with velocity (r2 = 

0.55), while the activity of both α-glu (r2 = 0.50) and β-glu (r2 = 0.24) were positively correlated 

with flow percentile (Table 5.11).  

Xylo activities within both vegetated and non-vegetated reaches were positively correlated 

with SRP (vegetated r2 = 0.48, non-vegetated r2 = 0.44) and TP concentrations (vegetated r2 = 

0.53, non-vegetated r2 = 0.67, Table 5.12). TN concentration was significantly negatively 

correlated with xylo activity within both vegetated (r2 = 0.25) and non-vegetated (r2 = 0.32) 

reaches (Table 5.12). Only a single significant relationship existed between EEA and the 

retained nutrient loads which was between α-glu activity and TP (r2 = 0.28) within the non-

vegetated reaches (Table 5.13). 

Within the non-vegetated reaches, xylo activity was positively correlated with NOx:SRP (r2 = 

0.27), DOC:SRP (r2 = 0.40) and DOC:TN (r2 = 0.43) ratios (Table 5.14). The activity of β-glu was 

negatively correlated with DOC:TN ratio within both the vegetated (r2 = 0.38) and non-

vegetated reaches (r2 = 0.35). The TN:TP ratios were positively correlated with β-glu activity 

within the vegetated reaches (r2 = 0.37). There were significant positive relationships between 

DOC:SRP and DOC:TN ratios with xylo activity within the vegetated reaches. The activity of α-

glu was positively correlated with DOC:SRP ratios (r2 = 0.38) and negatively correlated with 

DOC:TN ratios (r2 = 0.44) within vegetated reaches (Table 5.14). 

Correlations between the mean benthic organic matter fractions estimated at a unit area scale 

(g m-2) and enzyme activity within the non-vegetated reaches showed that CBOM (r2 = 0.27) 

and FBOM (r2 = 0.24) mass were positively correlated with β-glu activity (Table 5.15). However, 

these correlations were not evident when the organic matter fractions were estimated at 

whole-reach scales (Table 5.16). Within the vegetated reaches, xylo activity was positively 
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correlated with Casuarina reproductive material at the unit area scale (r2 = 0.27) and whole-

reach scale (r2 = 0.38, Tables 5.15 and 5.16). Also within the vegetated reaches, xylo activity was 

significantly positively correlated with the wood fraction (r2 = 0.23) and β-glu activity was 

negatively correlated with wood (r2 = 0.26) at the whole-reach scale (Table 5.16).  

There were significant correlations between retained organic matter loads and EEA, however, 

these were between different organic matter fractions to those identified in the benthic 

organic matter estimates. Within the vegetated reaches β-glu activity was negatively correlated 

with the retained leaf fraction (r2 = 0.33) and α-glu activity was also negatively correlated with 

the retained macrophyte fraction (r2 = 0.32, Table 5.17). The activity of LAP within the non-

vegetated reaches was positively correlated with retained loads of CBOM (r2 = 0.33), leaf (r2 = 

0.44) and unidentified fractions (r2 = 0.41, Table 5.17).  
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Table 5.11: Slope (m) and squared multiple r (r) values of significant regression analyses between mean individual EEA (µM 4-MUB L-1 
h-1) and hydro-geomorphic variables. The dataset did not include May EEA values (n=15). Asterisk indicates level of significance (* p < 0.025, **p 
< 0.01, *** p < 0.0001). Sample size, n, is 18. # indicates n=17 and ## indicates n=16. 

 Vegetated Non-vegetated 

 AP LAP β-glu α-glu xylo AP LAP β-glu α-glu xylo 

No. feature 
 

 
         

Flow 
percentile 

   
m = 1.1 

r = 0.42** 
m = -1.0## 
r = 0.63*** 

  
m = 0.57# 
r = 0.24* 

m = 1.2### 
r = 0.50** 

m = -1.6# 
r = 0.75*** 

Velocity 
 

 
  

m = -0.95# 
r = 0.33* 

     
m = 1.17 

r = 0.55*** 

SA:V 
 

 
         

Wetted 
area 

  
m = -0.85# 
r = 0.26** 

m = -0.57# 
r = 0.26* 

      

 
Table 5.12: Slope (m) and squared multiple r (r) values of significant regression analyses between mean individual EEA (µM 4-MUB L-1 
h-1) and mean nutrient concentrations (mg L-1). Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size, n, = 
18. 

 Vegetated Non-vegetated 

 AP LAP β-glu α-glu xylo AP LAP β-glu α-glu xylo 

DOC 
 

 
         

NOx 
 

 
         

SRP 
 

 
   

m = 0.54 
r = 0.48*** 

    
m = 0.38 

r = 0.44** 

TN 
 

 
   

m = -0.39 
r = 0.25* 

  
m = 0.52 
r = 0.29* 

m = 0.43 
r = 0.24* 

m = -0.33 
r = 0.32* 

TP 
 

 
   

m = 0.57 
r = 0.53*** 

    
m = 0.45 

r = 0.67*** 
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Table 5.13: Slope (m) and squared multiple r (r) values of significant regression analyses between mean individual EEA (µM 4-MUB L-1 
h-1) and retained nutrient loads (g day-1). Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size, n, = 18. 

 Vegetated Non-vegetated 

 AP LAP β-glu α-glu xylo AP LAP β-glu α-glu xylo 

DOC 
 

 
         

NOx 
 

 
         

SRP 
 

 
         

TN 
 
 

         

TP 
 

 
       

m = -0.01 
r = 0.28* 

 

 
Table 5.14: Slope (m) and squared multiple r (r) values of significant regression analyses between mean individual EEA (µM 4-MUB L-1 
h-1) and nutrient ratios. Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size, n, = 18, and # n=17. 

 Vegetated Non-vegetated 

 AP LAP β-glu α-glu xylo AP LAP β-glu α-glu xylo 

DOC : NOx 
 

 
         

NOx : SRP 
 

 
        

m = 1.05 
r = 0.27* 

DOC : SRP 
 
 

  
m < 0.01# 
r = 0.38** 

m < 0.01 
r = 0.47** 

    
m < 0.01# 
r = 0.40** 

DOC : TN 
 

 
 

m = -0.09 
r = 0.38** 

m = -0.07# 
r = 0.44** 

m = 0.08 
r = 0.36** 

  
m = -0.09 
r = 0.35** 

 
m = 0.06 

r = 0.43** 

TN : TP 
 
 

 
m = 0.04# 
r = 0.37* 

       

DOC : TP 
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Table 5.15: Slope (m) and squared multiple r (r) values of significant regression analyses between mean individual EEA (µM 4-MUB L-1 
h-1) and organic matter variables (g m-2).  Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size, n, is 18, # 
indicates n=17, and ## indicates n=16. 

 Vegetated Non-vegetated 

 AP LAP β-glu α-glu xylo AP LAP β-glu α-glu xylo 

CBOM 
 

 
      

m = 0.61 
r = 0.27* 

  

FBOM 
 
 

      
m = 1.02## 

r = 0.24* 
  

Needle 
 
 

         

Wood 
 
 

         

C – repro 
 
 

   
m = 1.62 
r = 0.27* 

     

Leaf 
 
 

         

Macrophyte 
 
 

         

Unidentified 
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Table 5.16: Slope (m) and squared multiple r (r) values of significant regression analyses between mean individual EEA (µM 4-MUB L-1 
h-1) and organic matter variables (whole-reach total, g).  Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample 
size, n, is 18, # indicates n=17, and ## indicates n=16. 

 Vegetated Non-vegetated 

 AP LAP β-glu α-glu xylo AP LAP β-glu α-glu xylo 

CBOM 
 

 
         

FBOM 
 
 

         

Needle 
 
 

         

Wood 
 
 

 
m = -0.27# 
r = 0.26* 

 
m = 0.29 
r = 0.23* 

     

C – repro 
 
 

   
m = 0.41 

r = 0.38** 
     

Leaf 
 
 

         

Macrophyte 
 
 

         

Unidentified 
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Table 5.17: Slope (m) and squared multiple r (r) values of significant regression analyses between mean individual EEA (µM 4-MUB L-1 
h-1) and retained organic matter fractions (g day-1).  Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size, 
n, is 18, # indicates n=17, and ## indicates n=16. 

 Vegetated Non-vegetated 

 AP LAP β-glu α-glu xylo AP LAP β-glu α-glu xylo 

CBOM 
 

 
     

m = 0.02 
r = 0.33* 

   

FBOM 
 
 

         

Needle 
 
 

         

Wood 
 
 

         

C – repro 
 
 

         

Leaf 
 
 

 
m = -0.13 
r = 0.33* 

   
m = 0.08 

r = 0.44** 
   

Macrophyte 
 
 

  
m = -0.11 
r = 0.32* 

      

Unidentified 
 
 

     
m = 0.04 

r = 0.41** 
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The DISTLM tests could not identify any statistically significant multiple variable models to 

explain the variation in the activity of β-glu, α-glu and xylo enzymes within the vegetated 

reaches. The DOC:TN ratio was found to be the most significantly correlated variable with β-glu 

(p = 0.004) and α-glu (p = 0.001) activity, explaining 38 and 52.5% of the variation within the 

vegetated reaches, respectively (Tables 5.18 and 5.19). The activity of xylo was most 

significantly correlated with TP concentration (p = 0.003), explaining 52.9% of the variation 

within the vegetated reaches (Table 5.20).  

 
Table 5.18: Results of conditional test from DISTLM for mean β-glu activity (µM 4-MUB L-1 h-1) from the 
vegetated reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

DOC : TN 4.631 9.824 0.011 0.380 0.380 16 
Wetted area 0.645 1.402 0.245 5.294e-2 0.433 15 
TN : TP 0.244 0.513 0.504 2.002e-2 0.453 14 
Leaf (retained) 6.425e-2 0.127 0.706 5.277e-3 0.459 13 
Wood (WR ) 2.188e-4 3.983e-4 0.989 1.797e-5 0.459 12 

 

Table 5.19: Results of conditional test from DISTLM for mean α-glu activity (µM 4-MUB L-1 h-1) from the 
vegetated reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

DOC : TN 7.244 17.697 0.001 0.525 0.525 16 
DOC : SRP 0.126 0.294 0.606 9.137e-3 0.534 15 
Wetted area 0.152 0.339 0.555 1.099e-2 0.545 14 
Grass (retained) 6.307e-2 0.132 0.751 4.572e-3 0.550 13 
Velocity 5.743e-2 0.112 0.755 4.163e-3 0.554 12 
Flow percentile 0.465 0.899 0.360 3.368e-2 0.588 11 

 

Table 5.20: Results of conditional test from DISTLM for mean xylo activity (µM 4-MUB L-1 h-1) from the 
vegetated reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

TP 5.459 17.996 0.002 0.529 0.529 16 
C-repro 0.934 3.575 0.068 9.059e-2 0.620 15 
DOC : TN 0.167 0.624 0.470 1.622e-2 0.636 14 
Flow percentile 6.083e-2 0.214 0.650 5.899e-3 0.642 13 
TN 9.962e-2 0.333 0.543 9.660e-3 0.652 12 
C-repro (WR) 3.544e-2 0.110 0.730 3.436e-3 0.655 11 
DOC : SRP 2.500e-3 7.036e-3 0.927 2.425e-4 0.655 10 
Wood (WR) 1.073e-3 2.718e-3 0.966 1.040e-4 0.656 9 
SRP 3.294e-5 7.418e-5 0.995 3.194e-6 0.656 8 
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There were also no statistically significant combinations of multiple variables to explain the 

variation in the activity of LAP, β-glu and α-glu enzymes within the non-vegetated reaches. The 

activity of LAP was most significantly correlated with the retained load of leaves (p = 0.005, 

Table 5.21). The DOC:TN ratio was the most significantly correlated variable with β-glu (p = 

0.007) and explained 34.7% of the variation in activity within the non-vegetated reaches (Table 

5.22). The activity of the α-glu enzyme was most significantly correlated with TN concentration 

(p = 0.036) within the non-vegetated reaches, explaining 24.3% of the variation (Table 5.23). A 

combination of flow percentile and TP concentration was significantly correlated with xylo 

activity (p = 0.034). Flow percentile explained 56.4% of the variation while TP explained 10.7% 

(Table 5.24).  

 

Table 5.21: Results of conditional test from DISTLM for mean LAP activity (µM 4-MUB L-1 h-1) from the 
non-vegetated reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

Leaf (retained) 1.511 10.639 0.005 0.385 0.385 17 
COM (retained) 0.157 1.111 0.307 3.995e-2 0.425 16 

UI (retained) 1.005e-3 6.680e-3 0.937 2.560e-4 0.425 15 

 
 
Table 5.22: Results of conditional test from DISTLM for mean β-glu activity (µM 4-MUB L-1 h-1) from the 
non-vegetated reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

DOC : TN 5.978 9.025 0.007 0.347 0.347 17 
CBOM 1.273 2.040 0.160 7.387e-2 0.421 16 
Flow percentile 0.698 1.128 0.296 4.051e-2 0.461 15 
TN 0.493 0.784 0.387 2.858e-2 0.490 14 
FBOM 8.086e-2 0.121 0.757 4.691e-3 0.494 13 

 

Table 5.23: Results of conditional test from DISTLM for mean α-glu activity (µM 4-MUB L-1 h-1) from the 
non-vegetated reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

TN 3.624 5.469 0.032 0.243 0.243 17 

TP (retained) 0.906 1.399 0.252 6.082e-2 0.304 16 
Flow percentile 0.217 0.321 0.577 1.455e-2 0.319 15 
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Table 5.24: Results of conditional test from DISTLM for mean xylo activity (µM 4-MUB L-1 h-1) from the 
non-vegetated reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

Flow percentile 3.720 22.032 0.001 0.564 0.565 17 

TP 0.704 5.195 0.034 0.107 0.671 16 

Velocity 0.118 0.864 0.332 1.791e-2 0.689 15 

TN 5.057e-2 0.354 0.533 7.672e-3 0.697 14 

DOC : SRP 4.142e-2 0.275 0.616 6.284e-3 0.703 13 

SRP 0.122 0.797 0.379 1.849e-2 0.722 12 

DOC : TN 4.200e-2 0.258 0.633 6.372e-3 0.728 11 

NOx : SRP 1.747e-2 9.842e-2 0.735 2.651e-3 0.731 10 
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5.4 Discussion 

The activities of the C-hydrolysing extracellular enzymes: α-glu, β-glu and xylo, were analysed in 

this study to explore differences in the sources of DOC between vegetated and non-vegetated 

reaches, and the variation in their activity during different discharges. In contrast, the activities 

of the nutrient acquiring enzymes, AP and LAP, were analysed to explore nutrient limitation 

within vegetated and non-vegetated reaches during different discharges.  

Patterns in C-hydrolysing enzymes  

Within aquatic systems, the presence of α-glu indicates the processing of starch compounds 

from vascular macrophytes/plants and unicellular green algae (Jones & Lock 1989). In this 

study, the activity of α-glu was significantly higher within the non-vegetated reaches during the 

no-flow and both high-flow periods, which suggests there was a larger contribution of 

autochthonous DOC sources and low molecular-weight plant polysaccharides within non-

vegetated reaches compared to vegetated reaches. These results vary from those of a similar 

study examining the effects of urbanisation on DOC sources and bioavailability that found 

relatively consistent dissolved α-glu activity between urbanised and less-urbanised streams 

(Harbott & Grace 2005). This would suggest that there were no differences in the contribution 

of algal derived starch to the DOC pool with urbanisation, however, the study found high LAP (a 

peptidase hydrolysing enzyme, Jones & Lock 1989) and esterase (a non-specific extracellular 

hydrolysing enzyme, Jones & Lock 1989) activity within urbanised streams relative to less 

urbanised streams. The authors suggested that peptides from filamentous algae may be a 

dominant C source in urbanised streams (Harbott & Grace 2005). As the removal of riparian 

vegetation can increase PAR penetrating the water column with a concomitant increase in 

autochthonous production (McTammany et al. 2007, Julian et al. 2010), it is likely that the 

difference in α-glu activity in this study is due to an increase in algal and macrophyte 

production within the non-vegetated reaches. However, there was only a relatively small 

difference in α-glu activity between vegetated and non-vegetated reaches during the low-flow 

period, which coincided with the austral summer. High temperatures and extreme light 

conditions have been shown to cause algal photoinhibition (see Chapter 3, Üveges & Padisák 
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2011). This suggests that algal production may have been similar within vegetated and non-

vegetated reaches during the low-flow period, and other DOC sources may have dominated 

within the non-vegetated reaches during this period.  

The activity of β-glu extracellular enzyme indicates the processing of low molecular-weight 

cellulose substrates from both allochthonous and autochthonous sources (Jones & Lock 1989, 

Romaní & Sabater 2000). The activity of β-glu was also generally higher within the non-

vegetated reaches compared to the vegetated reaches during all sampling periods, although 

this was not statistically significant. These results indicate that there was a similar contribution 

of plant polysaccharides to the DOC pool within vegetated and non-vegetated streams. The 

activity of β-glu in biofilms was also not significantly correlated with canopy cover within 

agricultural streams located in Pennsylvania, USA (Rier et al. 2011). In a study of differences in 

biofilm enzyme activity in streams draining native, pasture and pine catchments in New 

Zealand, the activity of β-glu was found to be higher in pasture catchments although this was 

also not statistically different (Findlay et al. 1997). Similarly, within urbanised streams the 

activity of β-glu within stream water was also found to be slightly but not significantly higher 

(approximately 0.7 μM 4-MUB h-1) compared to less-urbanised streams (Harbott & Grace 

2005). The urban streams did show an increase in DOC concentration and esterase activity with 

urbanisation, which the authors suggested to indicate higher rates of C processing (Harbott & 

Grace 2005). Esterase activity was not measured in this study, so it is difficult to determine 

whether the increase in β-glu activity in some reaches was due to higher rates of C processing 

of low-molecular weight cellulose substrates. There were significant positive correlations 

between β-glu activity with CBOM and FBOM within the non-vegetated reaches which could 

also suggest that the variation in activity was due to differences in C processing. Alternatively, 

high-molecular weight organic matter can undergo photodegradation during high-light 

conditions (Weigner et al. 2001, Howitt et al. 2008). This may mean that during the low-flow 

periods when large amounts of PAR would have penetrated the water column at non-vegetated 

reaches, high-molecular weight organic matter may have been subject to photodegradation 

leading to an increase in β-glu activity. 
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The presence of xylo activity indicates the processing of xylooligosaccharide substrates usually 

derived from allochthonous plant material (Romaní & Sabater 2000). There was minimal xylo 

activity during the low and no-flow periods, however, the activity then increased within both 

vegetated and non-vegetated reaches during the high-flow periods. There was slightly higher 

xylo activity within the vegetated reaches during the second high-flow sampling period. This 

indicates that there were generally similar processing rates of plant-derived xylooligosaccharide 

substrates occurring within the vegetated and non-vegetated reaches. Similarly, there was no 

significant difference in the xylo activity of biofilms in streams draining native, pasture and pine 

catchments in New Zealand (Findlay et al. 1997). In contrast, xylo activity was found to be 

higher within less-urbanised streams and although no results were presented, this was 

suggested to be attributed to larger amounts of litter input from riparian vegetation (Harbott & 

Grace 2005). The streams in this study showed that there was no significant difference in total 

coarse benthic organic matter (CBOM) between vegetated and non-vegetated reaches during 

the four different sampling times (see Chapter 4), which adds support to why there was no 

significant difference in xylo activity between vegetated and non-vegetated reaches. However, 

there was some variation in the composition of CBOM (although found to be non-significant) 

between vegetated and non-vegetated reaches with larger amounts of wood, and Casuarina 

cunninghamiana needles and reproductive structures at some vegetated reaches (see Chapter 

4). The results of the linear regressions showed that there was a positive significant correlation 

between xylo activity and C. cunninghamiana reproductive structures within the vegetated 

reaches, but there were no other significant correlations between xylo activity and the organic 

matter variables within the vegetated and non-vegetated reaches. This suggests that the xylo 

activity may not necessarily be related to the quantity of CBOM present within these streams 

and that the increase during the high-flow periods is attributed to leaching from organic matter 

and soils in upland and riparian zones as the wetted area increases. In addition, xylo activity has 

also shown to increase in intermittent streams during periods of fragmentation when there is a 

low supply of low-molecular weight DOC available to heterotrophs (Ylla et al. 2010). Therefore, 

the low activity of xylo during the low and no-flow periods shows that low-molecular weight 
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carbon is not limiting heterotrophic activity within the vegetated or non-vegetated reaches of 

the current study.  

Comparison of C-hydrolysing enzyme activities can provide insight into the dominant source of 

DOC within reaches. Within this study, there was a significant effect of hydrology or time on the 

rates of all C-hydrolysing enzymes. During the low-flow period, the β-glu and α-glu enzymes 

had relatively equal rates of activity at both vegetated and non-vegetated reaches, which 

indicates that there were similar quantities of autochthonous and allochthonous contributions 

of DOC present. The rate of xylo activity did not increase to similar or higher activity rates until 

the high-flow periods suggesting allochthonous contributions of DOC increased once flow 

resumed. These results are similar to a study using amino acid composition to determine the 

sources of DOC within an intermittent Mediterranean stream (Ylla et al. 2011). The study found 

that DOC was predominantly from autochthonous sources as surface water contracted, while 

during the expansion phase following the dry period, DOC was predominantly from 

allochthonous sources (Ylla et al. 2011). Similarly, in a study of a dry-land river waterhole, the 

sources of DOC supporting heterotrophic metabolism were from autochthonous production 

during the fragmented period (Fellows et al. 2007). This indicates that there was a larger 

allochthonous contribution of DOC during the high-flow periods and suggests that the quality of 

DOC is lower during the low and no-flow periods compared to the high-flow periods, as it would 

primarily consist of low-molecular weight compounds.  

 Patterns in AP and LAP nutrient acquiring enzymes 

In this study, there was no significant difference in the activity of AP and LAP enzymes between 

vegetated and non-vegetated reaches.  Other studies that have been more focused on the 

effects of riparian vegetation on sources of DOC have examined the activity of LAP and/or AP to 

determine the contribution of peptidases and phosphatases to the dissolved organic matter or 

DOC pool (Harbott & Grace 2005, Ylla et al. 2010). As previously discussed, a significant 

difference in LAP activity existed between urban and less-urbanised streams and was attributed 

to the release of peptidases from algae to the DOC pool (Harbott & Grace 2005).  
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In other studies, activities of the AP and LAP extracellular enzymes have previously been used 

to indicate nutrient limitation (Sinsabaugh et al. 2010, Hill et al. 2010a), however, these studies 

have been developed along a pre-determined nutrient gradient. Additionally, to estimate the 

stoichiometric balance of heterotrophic EEA, the activity rates were normalised to the 

microbial/bacterial biomass present in the sample in these studies (Sinsabaugh et al. 2010, Hill 

et al. 2010a). In this study, biomass was not measured so the stoichiometric balance of EEA 

cannot be determined or compared to other studies. The results of the nutrient surveys 

showed that there were no significant differences in surface water nutrient concentrations 

between vegetated and non-vegetated reaches used in this study (see Chapter 3). Therefore, 

the lack of any significant difference in AP and LAP enzyme activity is not surprising. 

Despite the lack of a nutrient gradient between reaches in this study, there were very low 

concentrations of NOx present within both the vegetated and non-vegetated reaches on most 

sampling occasions and N was also identified as the most limiting nutrient for autotrophic 

production (see Chapter 3). Analysis of the overall rates of EEA showed that the LAP enzymes, 

which are associated with microbial uptake of N, exhibited the highest rates of activity within 

both the vegetated and non-vegetated reaches. Increased LAP activity relative to other 

enzymes have also been observed in systems that are N-limited (Hill et al. 2006, Hill et al. 

2010a). This suggests that N is also the most demanded resource by the microbial communities 

within both vegetated and non-vegetated reaches.  

There were also no significant correlations between the nutrient related enzymes and the 

nutrient concentrations in this study. A study of 31 streams across an agricultural nutrient (TP 

and TN) gradient in Pennsylvania, USA, found a significant correlation between AP activity 

(denoted as APA in their study) and surface water TP concentration (Rier et al. 2011). There 

were no significant correlations between TN and LAP activity (denoted as LAMP in their study), 

which may have been due to the streams not being N limited. In contrast, a study of EEA 

associated with microbial communities within river sediments across 447 sites characterised by 

different land uses found no correlation between the LAP and other peptidase enzymes with N-

limitation (Hill et al. 2010a). The authors suggested that may have been due to N only being 
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limited relative to elevated C and P concentrations. Alternatively, other studies of nutrient 

limitation have also used a wider range of EEA’s that are related to N and P uptake by 

heterotrophic communities including NAG (Hill et al. 2006), valine aminopeptidase and cystine 

aminopeptidase (Tiqua 2011) for N-limitation and acid phosphatase and phosphohydrolase for 

P-limitation (Tiqua 2011). In this study, the activity of NAG could not be detected and no other 

N or P associated substrates were used. This may explain why there were no significant 

correlations with the activity of LAP or AP with any of the particulate or dissolved nutrient 

concentrations and suggests that a range of N and P associated substrates may need to be 

employed.  

EEA as a method of determining DOC sources 

Only a limited number of studies have used rates of EEA to assess sources of DOC within the 

water column, which makes it difficult to make comparisons between the rates of this study 

and other EEA studies. Many studies focussing on rates of EEA within biofilm communities 

growing on various substrates (Jones & Lock 1989, Romaní & Sabater 2000, Rier et al. 2007, Rier 

et al. 2011) or within sediments (Burns & Ryder 2001, Hill et al. 2006, Hill et al. 2010a), which 

are normalised to weights or area rather than volume. Compared to other published studies of 

water column rates of dissolved EEA, the rates of EEA in this study were up to an order of 

magnitude higher in some cases (Chappell & Goulder 1995, Harbott & Grace 2005, Ylla et al. 

2010).  

These differences in EEA rates highlight a potential limitation of using EEA, in that direct 

comparison of rates of EEA between studies can be difficult even when comparing samples 

from similar fractions of microbial activity. This is mostly due to there being inconsistencies in 

laboratory methods (Boon 1990). For example, the concentrations of 4-MUB substrates added 

to samples or the substrate to sample ratio can vary between studies (Boon 1990).  

Differences in the temperature of substrate and sample incubation can also affect the rates of 

enzyme activity (Boon 1991), which can present issues when relating the data back to the 

natural systems. This is because the effects of differences in in-stream water temperature may 

not be detected within the laboratory analyses. However, in this study the large differences in 
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C-hydrolysing enzyme activities between sampling times is most likely a good representation of 

the change in dominant C sources.  

Determining the contributions of allochthonous and autochthonous sources to the DOC pool 

can potentially illustrate the rates of ecosystem productivity (GPP) and respiration (ER). In this 

context, the α-glu EEA results would suggest that there are higher levels of GPP within the non-

vegetated reaches compared to the vegetated reaches. If this suggestion was true the very high 

levels of α-glu activity within the downstream vegetated control reach, Booralong Bridge, and 

the non-vegetated Moredun Creek reach would have the highest rates of GPP across all 

sampling periods. Additionally, heterotrophic bacteria will aim to acquire carbon and nutrients 

in the most energetically efficient way (Sinsabaugh & Moorehead 1994), with preference for 

low-molecular weight organic matter sources over high-molecular weight sources (Tolunen et 

al. 1992). Therefore, the higher rates of xylo EEA during the high-flow period relative to β-glu 

and α-glu EEA could also suggest that in-stream GPP may have been reduced during this period. 

This would lead to an increase in the demand for high-molecular weight allochthonous organic 

matter sources and lower productivity/respiration (P/R) ratios. Further investigation into the 

rates of in-stream GPP and ER, and the metabolic balance of the system would provide more 

evidence of the relationships between metabolic processes and EEA. 

Alternative methods apart from EEA have used to determine sources of DOC include 

phospholipid-fatty acid analyses (Boon 1991, Boon & Sorrel 1991), amino acid analyses (Ylla et 

al. 2011), solid phase microextraction-gas chromatography (Zander et al. 2007), and excitation-

emission analyses (McKnight et al. 2001, McDonald et al. 2004). Although these methods can 

provide a more detailed analysis of the type of DOC present within systems (i.e. the aromacity), 

they cannot give insight into the heterotrophic utilisation of DOC. Furthermore, the same 

limitations in using laboratory equipment with different sensitivities can apply when comparing 

results between studies (McKnight et al. 2001). Stable isotope analyses have also been widely 

employed to determine the sources of DOC driving food webs (e.g. Bunn & Boon 1993); 

however, this technique again may not also give insight into the heterotrophic utilisation of 

DOC present within the system. This limitation is further supported by the lack of significant 
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correlations between DOC concentration and activities of any of the three C-hydrolysing 

enzymes found in this study. This result indicates that the lability of DOC can vary within equal 

concentrations present within the water column.  

Correlation of biophysical variables to variation in enzyme activity 

Following the temporary-river ecology theory, a larger variation in C-hydrolysing EEA’s was 

expected within and between vegetated and non-vegetated reaches during the low and no-

flow period. The results of this study showed that the largest variation in the three C-

hydrolysing EEA’s between reaches was during the no-flow period followed by the first high-

flow period (Figure 6.1).  

During the no-flow period, the variation between reaches in the three C-hydrolysing EEA’s was 

driven by differences in the rates of α-glu and β-glu activity. The results of the DISTLM tests 

showed that the variation in β-glu activity was most correlated with the DOC:TN ratio within 

both vegetated and non-vegetated reaches, while the activity of α-glu was most correlated with 

the DOC:TN within the vegetated reaches and TN within the non-vegetated reaches. The 

DOC:TN ratio decreased during the high-flow periods which was driven by a decline in the TN 

concentration (see Chapter 3). As the N concentration measured in the TN samples includes the 

concentration of phytoplankton and microbial seston (Dodds 2003), the variation during the 

low-flow periods and the decline in the α-glu and β-glu EEA’s during the high-flow periods may 

be attributed to a change in the phytoplankton and seston biomass within the reaches. 

Exploration of the rates of productivity and respiration would provide further support for this 

prediction (see Chapter 6). 

During the first high-flow period sampled in this study, which was one-month after continuous 

surface water flow, the variation between reaches was driven by differences in the rates of xylo 

activity. This indicates that there was an increase in allochthonous sources of DOC present 

within reaches, and therefore it was expected that this would be positively correlated with 

CBOM fractions. Within the vegetated reaches, xylo activity was positively correlated with 

wood and Casuarina reproductive features at the whole-reach scale, which increased during 

the high-flow periods at this spatial scale (see Chapter 4). However, at the non-vegetated 
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reaches there were no correlations between xylo activity and CBOM fractions. In addition, 

there were strong positive correlations between flow percentile and TP concentrations within 

both vegetated and non-vegetated reaches. A number of studies have shown increases in 

allochthonous contributions to DOC due to increased run-off during high-precipitation events 

(e.g. Wilson & Xenopolous 2008, Saraceno et al. 2009, Bass et al. 2011). In these study reaches, 

although there was a decrease in TP concentration during the high-flow events there was 

actually an increase in TP imported loads, which was suggested to be also due to an increase in 

soil surface run-off. The significant correlations with flow percentile suggest that the increases 

in both xylo activity and TP are largely attributed to desorption of DOC and TP from terrestrial 

soils or the incorporation of these nutrients with eroded and transported soil.  

5.5 Summary 

There was a significant difference in rates of α-glu activity between vegetated and non-

vegetated reaches. There was also a significant effect of hydrology (time) on all three C-

acquiring enzymes. The activities of the α-glu and β-glu enzymes were highest within the 

vegetated and non-vegetated reaches during the low and no-flow periods, and generally 

decreased during the high-flow sampling periods. The α-glu and β-glu activity during the low 

and no-flow periods indicates that high-quality DOC sources were not limiting during these 

periods of surface water fragmentation. During the high-flow periods, the rate of xylo activity 

increased within both vegetated and non-vegetated reaches, which suggests that organic 

matter is being imported from upstream terrestrial or adjacent riparian zones during these 

periods.  

There was no significant difference in rates of AP and LAP activity between vegetated and non-

vegetated reaches. There was a significant effect of hydrology (time) on the rates of AP and LAP 

activity. The activity of AP was very low during the low-flow period. The increase in AP activity 

varied across all reaches during the no-flow and first high-flow sampling periods. However, the 

AP activity was consistently higher across all reaches during the second high-flow sampling 

period compared to the low-flow period. There was a lot of variation in the rates of LEU activity 

within and between vegetated and non-vegetated reaches. The activity of LEU generally 
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increased within most vegetated and non-vegetated reaches during the no-flow and second 

high-flow sampling period.  

The variation in the three C-hydrolysing EEA’s between reaches was during the no-flow period 

followed by the first high-flow period. As the sources of DOC can indicate the dominant 

metabolic processes present within reaches, the high activity of the α-glu and β-glu enzymes 

during this period suggests that there will be increased chlorophyll a levels and rates of primary 

productivity. The high activity of xylo enzymes during the high-flow periods suggests that there 

will also be an increased rates of respiration during this period that may be attributed to CPOM 

that has become retained within reaches. These predictions will be further explored in Chapter 

6. 
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Chapter 6: Ecosystem metabolism dynamics within vegetated and non-vegetated reaches.  

6.1 Introduction  

Ecosystem metabolism is the term used to describe the ecological processes of carbon 

production and respiration by autotrophic and heterotrophic biota. In-steam autotrophs 

including phytoplankton, benthic and epiphytic algae, and macrophytes are responsible for the 

photosynthetic production of autochthonous sources of organic carbon within the water 

column, referred to as gross primary production (GPP). Autotrophic respiration and 

heterotrophic decomposition of organic matter are the main processes of carbon utilisation 

within aquatic systems and together are referred to as ecosystem respiration (ER). The process 

of ER consumes dissolved oxygen (DO) from the sediments or water column, while DO is 

produced during GPP processes. As both rates of GPP and ER are governed by nutrient 

availability, predominantly N and P, ecosystem metabolism is therefore an important facilitator 

of biotic carbon and nutrient cycling at the basal food web level in aquatic systems (Sterner & 

Elser 2002, Cross et al. 2005). The rates at which ecosystem metabolism occur in aquatic 

systems can be influenced by many biophysical variables including: C:nutrient stoichiometry 

(C:N:P), organic matter quantity and quality, and hydro-geomorphic/environmental parameters 

(see Chapters 3, 4, and 5). Therefore, exploring the response of ecosystem metabolism to 

altered environmental parameters can provide insight into the dominant ecosystem processes 

in streams. 

The balance between the rates of GPP and ER, which is calculated as the P/R ratio, can indicate 

the dominant processes within aquatic systems (Rosenfeld & Mackay 1987, Meyer 1989). A 

study across eight different biomes in North America found that most streams had a P/R ratio 

of < 1, indicating that ER was the dominant metabolic process (Mulholland et al. 2001). The P/R 

ratios can also provide some insight into the sources of organic carbon that are driving 

heterotrophic respiration (Rosenfeld & Mackay 1987, Meyer 1989).  

Net ecosystem production (NEP) is the difference between the rates of GPP and ER. When the 

rate of GPP (i.e. the autotrophic production of carbon) exceeds the rate of ER (i.e. the 

respiration of carbon) the NEP will be positive and the system will be considered autotrophic.   
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Within autotrophic systems, the quantity of organic carbon produced through GPP 

(autochthonous sources) can sustain the heterotrophic demand for organic carbon. Conversely, 

when the rate of ER exceeds GPP, NEP will be negative and the system will be considered 

heterotrophic. This may mean that the heterotrophic community is reliant on other sources of 

organic matter being transported to the system such as, allochthonous sources or other 

autochthonous sources from upstream reaches (Ylla et al. 2010).   

In aquatic systems, different autotrophic functional groups (i.e. groups that differ according to 

vegetative form, role or habitat) can contribute to the whole-system metabolic rates (Acuoa et 

al. 2011). For example, in upland streams, various autotrophic functional groups such as 

benthic algae, floating macroalgae and macrophytes can all have differing rates of GPP and 

therefore also regulate the quantities of available organic carbon within the system (Acuoa et 

al. 2011). Similarly, different heterotrophic communities can be associated with different 

habitats such as biofilms (Tank & Webster 1998, Cardinale et al. 2002) or accumulations of 

benthic organic matter (Gessner et al. 1999, Bärlocher et al. 2011, Bärlocher et al. 2012 – see 

Appendix 1). As the physical template is important in determining the types of habitats 

available for autotrophic and heterotrophic activity, then differences in channel morphology 

and features between reaches may lead to varying rates of GPP and ER, as well as, the 

dominant processes that control nutrient retention and cycling.  

Anthropogenic disturbances  

A number of studies have shown that the removal of riparian vegetation and other land-use 

practices have altered metabolic rates of streams. In some cases, this has led to changes to the 

trophic state of the system, predominantly from heterotrophic to autotrophic (Fellows et al. 

2006a, McTammany et al. 2007, Bernot et al. 2010). As removal of riparian vegetation can 

increase the amount of light reaching the water column and lower the surface area:volume 

ratio of reaches through channel widening, conditions for autotrophic growth are optimised, 

particularly for benthic algae and macrophytes (Bunn et al. 1999, Julian et al. 2010). The 

increase in GPP is therefore responsible for the increase in P/R ratio and the shift to 

autotrophy.  
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In contrast, streambank erosion can increase with the removal of riparian vegetation, resulting 

in the transport and deposition of large amounts of sediment or inorganic material through the 

system (Prosser et al. 2001, Pusey & Arthington 2003). Increases in surface water turbidity can 

reduce the amount of light penetrating the water column and reaching the benthos, which may 

decrease rates of GPP (Rier & King 1996). In addition, unstable sediments may smother biofilm 

communities and produce anoxic habitats, which may lead to reduced rates of GPP and ER, and 

shift NEP to heterotrophy (Rier & King 1996, Uehlinger 2000).  

The removal of riparian vegetation can also lead to reduced quantities of allochthonous organic 

matter imported to streams (Campbell et al. 1992, Sabater et al. 2000, Reid et al. 2008). 

Streambank erosion has also caused reductions in reach heterogeneity, which subsequently 

leads to decreases in retention and standing stocks of organic matter (Reid et al. 2008, Watson 

& Barmuta 2010). In some aquatic systems where the heterotrophic community depends on 

allochthonous organic matter, this decrease has been shown to lead to lower rates of 

heterotrophic respiration (Aldridge et al. 2009).   

The concentration and stoichiometric balance of nutrients can influence both production and 

respiration by autotrophic and heterotrophic communities (see Chapter 3, Redfield 1958, Elser 

et al. 2007, Menéndez et al. 2011). In some agricultural streams, nutrient concentrations have 

increased due to the removal of riparian vegetation and the wide-spread application of 

fertilisers (Townsend & Riley 1999, Harris 2001). The increase in stream concentrations of N 

and P can lead to decreases in C:nutrient stoichiometry (also referred to as C:nutrient ratios), 

which has been shown to increase GPP through enhanced autotrophic growth and production 

of high-quality low-molecular weight C (Rier & Stevenson 2002, Sabater et al. 2011). Similarly, a 

general increase in the availability of N and P within the water column can lead to an increase 

in heterotrophic decomposition of organic matter and therefore rates of ER (Stelzer et al. 2003, 

Benstead et al. 2009).  
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Hydrology 

The metabolic state of some temporary streams have shown to alternate from autotrophy 

during periods of surface water fragmentation to heterotrophy during high-flow or expansion 

periods (Fisher et al. 1982, Uehlinger 2000). Increases in surface water velocity can scour 

biofilms (Uehlinger & Naegeli 1998, Uehlinger 2000) and flush or dilute phytoplankton (Mitrovic 

et al. 2011) leading to decreased rates of GPP, while unstable bed substrates can inhibit the 

formation of biofilms and smother organic matter, which can decrease rates of GPP and ER (see 

Chapter 4, Rier & King 1996, Atkinson et al. 2008).  

In contrast, some studies have found that the increase in wetted area can initiate microbial 

activity (Wilson et al. 2011), although these patterns have been difficult to identify in some 

intermittent streams (Larned et al. 2007). Large quantities of allochthonous DOC can be 

transported to streams during precipitation and storm events (Kaplan & Newbold 1993, Boyer 

et al. 1997). As this allochthonous DOC is characterised by high C:nutrient ratios (Kaplan & 

Newbold 1993, Boyer et al. 1997), which requires a higher rate of heterotrophic decomposition 

(Tulonen et al. 1992), there may be an increase in rates of ER (Gibson & O’Reilly 2012). This 

provides further suggestion that the metabolic state of some reaches may shift to heterotrophy 

during high-flow or expansion periods.  

The reaches used in the present study showed that there was evidence of large contributions of 

algal-derived DOC and high rates of C processing during the low and no-flow periods (see 

Chapter 5). This suggests that there will be higher rates of GPP and ER during these periods, and 

the reaches would be autotrophic. In contrast, the contribution of algal derived DOC decreased 

during the high-flow periods with a higher contribution from allochthonous sources. It would 

be expected that the rates of GPP may be reduced during the high-flow periods, however, the 

rates of ER may increase leading to reaches dominated by heterotrophic processes.   
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Aims 

The aim of this chapter is to explore differences in reach-scale ecosystem metabolism between 

vegetated and non-vegetated reaches, across four different discharges.  

 

1) I aim determine how the presence of riparian vegetation affects rates of ecosystem 

metabolism and trophic state. I predict higher rates of GPP within non-vegetated 

reaches compared to vegetated reaches. I expect that there will be higher rates of ER 

within vegetated reaches compared to non-vegetated reaches, however, the larger 

quantities of labile DOC present within the non-vegetated reaches could increase ER 

rates in these reaches. Additionally, I predict that NEP will be positive within non-

vegetated reaches, and negative within vegetated reaches. 

2) Through sampling macrophyte biomass and water column chlorophyll a concentrations, 

I aim to explore whether there is a correlation between macrophyte biomass and/or 

chlorophyll a concentrations with GPP rates. I expect there to be larger biomass of 

macrophytes and chlorophyll a at non-vegetated reaches. I also aim to explore if there is 

an interaction between these autotrophic functional groups and hydro-geomorphic 

variables.  

3) Using a step-wise regression technique, a further objective is to determine the 

relationships and interactions between the metabolic parameters (net change in DO, 

GPP, ER, P/R ratio) with hydro-geomorphic variables, nutrient concentration and 

stoichiometry, organic matter quantity and quality, nutrient and organic matter 

retention, and chlorophyll a concentration and macrophyte biomass. I also aim to 

explore the relationships between the metabolic parameters and DOC sources using the 

extracellular enzyme activity (EEA) data from Chapter 5. I predict that GPP will be more 

strongly positively correlated with chlorophyll a concentration, macrophyte biomass 

and α-glu activity within the non-vegetated reaches compared to vegetated reaches. I 

also predict that ER will be more strongly correlated with the organic matter variables 

and xylo activity within the vegetated reaches.   
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6.2 Methods  

Ecosystem metabolism  

Ecosystem metabolism was determined by monitoring the change in dissolved oxygen (DO) for 

36 hours at each site, during four discharge events of different magnitudes. An open-system, 

two-station technique was used when surface water was flowing to monitor the DO change in 

the same parcel of water travelling through the reach (Grace & Imberger 2006). During no-flow 

periods, a single station method was used (Grace & Imberger 2006). Both the upstream and 

downstream sites on a single stream were monitored concurrently and the stations were set up 

at approximately 12:00 hrs at a stream and deployment was for one full diel cycle (i.e. two 

nights). The equipment was collected at approximately 07:00 hrs and moved to the next 

stream, so that the metabolism of all five streams could be monitored within a 10 day period.  

The DO concentrations were measured with membrane probes attached to meters (Orion Star 

Series, Thermo Fisher Scientific, USA), which were set at 15 minute logging intervals. Each 

probe was calibrated in water-saturated air at each site, immediately before deployment. To 

correct for probe drift and differences in calibration, the probes were placed together for 30 to 

60 minutes at the start of each deployment. The meters were attached to steel pickets in well-

mixed areas of the stream channel at the start and end of each reach, with the probes reading 

at approximately half the surface water depth. During no-flow periods the probes were placed 

in the deepest area of the largest pool within each study reach. 

Determination of the reaeration coefficient 

I used the surface renewal method (SRM, Owens et al. 1964) to estimate K2, which is based on 

mean reach depth and velocity, and is suitable for streams with depth and velocities of 

between 0.12 – 3.55 m s-1 and 0.3 – 1.50 m s-1, respectively (Grace & Imberger 2006). The 

reaeration coefficient at 20°C, K2(20°C) in cm h-1, is given by the equation: K2(20°C) = 50.8 x (v 0.67) x 

(D -0.85), where v = velocity (cm s-1) and D = depth (cm). The mean reach depth, D, was 

calculated using the equation D = Q / (v x W), where Q = discharge, v = velocity, and W = 

average stream wetted width. The average stream wetted width, W, was estimated from the 
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measuring the water height along a known transect across the stream. These values were used 

to extract an outline of the area inundated at that particular water height from the reach DEMs 

(as outlined in Chapter 2). During each deployment, average reach velocity across a defined 

downstream transect was recorded at approximately 1 m intervals to calculate discharge in m3 

sec-1 using a flowmeter (Marsh McBirney Flowmate, model 2000, see Chapter 2). I used the 

equation of Elmore and West (1961), K2(t°C) = K2(20°C) x 1.024(t-20) to adjust K2(20°C) to the average 

surface water temperature at hourly intervals, where t, is the average hourly stream 

temperature calculated from each of the DO probes.  

Analysis of dissolved oxygen change 

The temperature corrected K2 values and the DO saturation deficits were used to correct for the 

change in DO attributable to reaeration at hourly intervals (Marzolf et al. 1994, Young & Huryn 

1998). The DO saturation deficit was determined as the difference between the measured DO 

values and the 100% saturation value (defined as the equilibrium concentration at the recorded 

surface water temperature and barometric pressure), which were recorded by the DO meters.  

The reaeration-corrected change in DO was used to calculate reach metabolic parameters (net 

change, GPP, ER and P/R ratio). From the 36 hour deployment period, the 24 hr period between 

midnight and midnight was selected to represent the diel light-dark cycle. The reaeration-

corrected DO measurements were then plotted against time (from midnight to midnight) and 

fitted with linear curves (y = mx + c). The total net DO change (mg L-1) over 24 hrs for each 

meter deployed (upstream and downstream) was determined by summing the slope value (m) 

of each linear curve fitted. Linear curves were fitted to time intervals that gave the best r2 

values (< 0.90), which were usually 3-5 hr intervals (for e.g. 0900-1200 hrs). This method is 

similar to that of Ryder et al. (2004) and allows for the correction of probe drift by calculating 

the trend in DO change rather than the absolute values. The values of daily GPP and ER were 

the sum of the positive and negative slope values (m), respectively. The daily net change in DO 

was estimated by subtracted the reaeration-corrected rates of ER from GPP. Daily rates of C-

fixation were estimated by multiplying the net change in DO values by 0.375 (Ryder 2004). 

Whole-reach estimates of C-fixation (NEP) were determine by multiplying the daily rates of C-



Chapter 6: Ecosystem metabolism 

245 

 

fixation by the corresponding reach volumes as determined in Chapter 2. No net change in DO, 

GPP or ER could be calculated at the Gwydir non-vegetated reach during September, as the 

changes in DO detected could not separate probe drift from very low DO metabolism.  

 Light measurements 

During the February 2010 field trip, a quantum sensor attached to a data logger (Starlogger 

model 2004C, Unidata, Australia) recorded photosynthetic active radiation (PAR) at 5 minute 

intervals, however, this dataset was unfortunately lost when there was a fault with the logger. 

Throughout the May, September and November 2010 field trips, light measurements (lumens 

m-2) were recorded at the stream surface using HOBO pendant light data loggers 

(onsetcomp.com), set at 15 minute intervals. 

Chlorophyll a surveys and analysis 

Triplicate water column samples for chlorophyll a analysis were collected at fixed upstream and 

downstream transects of each reach at each deployment. The water samples were processed 

within 24 hours of collection, where approximately 500 mL of water was filtered through a 47 

µm glass fibre filter (Whatman GF/F) and stored at -4°C until further analysis. Chlorophyll a was 

extracted using 90% acetone, and the concentrations determined by spectrophotometric 

absorption, following the method of Parsons et al. (1984). Reach-scale chlorophyll a mass-

balance and retention was estimated for the low and high-flow periods by multiplying the mean 

concentrations by daily discharge. Discharge was calculated for each sampling occasion 

following the methods outlined in Chapter 2. Retention or export was then determined by 

subtracting the exported (downstream) load from the imported (upstream) load (Von Schiller et 

al. 2011b). 

Macrophyte biomass surveys and processing 

The biomass of dominant macrophyte species at each site was determined from six permanent 

transects. On two of the four sampling periods (February and May 2010), percent cover was 

estimated at six random locations along each of the six transects, using a 0.25 m2 quadrant 

(n=36 per site). At each random location, the percent cover and height of the major taxa were 
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recorded. The six permanent transects at each reach were chosen randomly and the six quadrat 

measurements represented approximately 10 – 30% of the reach width. Unfortunately the high 

water levels during the September and November 2010 sampling meant that the original 

sampling method could not be employed, as the macrophytes along transects were 

predominantly submersed. Alternatively, I measured the length and width of visible 

macrophyte patches and estimated the percent cover and height of the major taxa from three 

randomly placed quadrats (0.25 m2). As these surveys were only conducted on macrophyte 

patches visible at each reach, the total number of samples (n) varied between reaches. 

On all four sampling occasions, percent cover was converted to biomass using samples of each 

plant species collected from each study reach. New samples were collected on each survey to 

account for the difference in growth. At each site, above-ground plant material of each species 

present in the particular survey was collected. For each species, triplicate samples were 

collected for three different values of percent cover (25%, 50%, and 100%). Samples were 

placed in sealed bags and frozen upon return from the field until analysis. For processing, the 

plant material was rinsed to remove inorganic material, epiphytes and macroinvertebrates, and 

then dried at 65°C for 48 hours to constant weight. To obtain ash-free dry weights (AFDW), the 

dried material was weighed, ashed at 540°C for three hours and then re-weighed. The AFDW 

biomass (g m-2) was then related to percent cover using linear regression (Appendix 6). 

Macrophyte biomasses were calculated for each transect or patch within each reach during 

each sampling occasion by averaging values from quadrants within each transect or patch. Total 

biomass for each entire reach during the February and May sampling times was calculated by 

averaging the six transect measurements and then multiplying by the channel wetted area. The 

total biomass of each reach during the September and November sampling times was 

calculated by multiplying the patch average by the dimensions of the patch, and then adding 

the biomass of all patches within the reach together.  
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Statistical analyses 

Metabolic parameters 

A mixed-model ANOVA was used to identify significant differences in the change of metabolic 

parameters (net DO change, GPP, ER and P/R ratio) between vegetated and non-vegetated 

reaches and across time. The model consisted of three factors: i) Treatment – vegetated and 

non-vegetated (a=2; fixed), ii) Stream – Moredun Creek, Gwydir River, Roumalla Creek, 

Booralong Creek and Laura Creek (b=5; random), iii) Time – four sampling occasions (c=4; 

random). Individual analyses were run for each metabolic parameter using PERMANOVA. The 

statistical power of the main test was increased through replication at the treatment level, 

whereby the data from both the control and treatment streams were combined so that the 

analyses included five vegetated and five non-vegetated reaches. This meant that the statistical 

design became unbalanced (an unequal number of replicate samples within each factor level) 

and as such the formulae used for a balanced design (Table 6.1) were invalid. The correct 

formulae used for the unbalanced design as determined by the PERMANOVA program are listed 

in Appendix 5 and will be referred to throughout the results section. The net DO change, GPP, 

and ER data were square-root transformed with the sign reinstated prior to analysis to reduce 

skewness. PERMDISP analyses were used to test for significant differences in dispersions.  

To discriminate between the effects of the main treatment (vegetation) and the natural 

longitudinal change in the different metabolic parameters, multivariate one-way ANOVAs were 

used to test for significant differences between locations (Lo) on each of the control streams. 

All four metabolic parameters were included in the multivariate dataset. Three ANOVAs were 

performed in which two tested the difference between locations on each of the two control 

streams separately, and a third test combined the data from both control streams. Data were 

pooled across time (hydrology) within each test and Monte-Carlo p-values were used when less 

than 100 unique permutations could be attained (see Appendix 3).   

Linear regression analyses were conducted to explore the relationships between the four 

individual metabolic parameters and various biogeochemical variables. The rates of net DO 

change, GPP and ER were square-root transformed with the sign reinstated prior to analysis. 
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The predictor variables included: hydro-geomorphic variables, surface water nutrient 

concentration and nutrient stoichiometry, benthic organic matter variables, nutrient and 

organic matter mass-balance and retention, extracellular enzyme analyses (EEA), chlorophyll a 

concentration, chlorophyll a retention, mean daily surface water temperature, total suspended 

solids (TSS) concentration and macrophyte biomass, which are listed with their respective 

transformations in Table 6.2. Before conducting the analyses, residual plots were examined for 

outliers and datasets were checked for samples with large leverage. If identified, these values 

were removed and the new sample size reported within the results table. All analyses were 

conducted using SYSTAT (Version 12.0). As the risk of making Type I errors increase with the 

number of single linear regressions (Quinn & Keough 2002), the regressions were only accepted 

as significant if p ≤ 0.025, following Bonferroni’s principle (Quinn & Keough 2002). All analyses 

were conducted using SYSTAT (Version 12.0). 

Following the single linear regressions, all predictor variables that were significantly correlated 

to the metabolic parameters were combined into a dataset, which was specific to each of the 

four metabolic parameters in vegetated and non-vegetated reaches. The datasets were then 

used to perform conditional tests within the DISTLM routine in PERMANOVA (outlined in 

Chapter 4). This was in order to determine which of the significant predictor variable(s) were 

most correlated with the variation in each metabolic parameter. 

Light, chlorophyll a and macrophyte biomass 

The three-factor ANOVA outlined above (Table 6.1) was also used to test for significant 

differences in light, chlorophyll a concentration and macrophyte biomass between vegetated 

and non-vegetated reaches, and the four sampling periods.  Analyses were performed using the 

PERMANOVA program. Prior to analysis chlorophyll a and macrophyte biomass data were 

log(x+1) and Box-Cox transformed, respectively, to reduce skewness. The light data were also 

log(x+1) transformed prior to analysis. PERMDISP analyses were used to test for significant 

differences in dispersions. 

To discriminate between the effects of the main treatment (vegetation) and the natural 

longitudinal change in light, chlorophyll a concentration and macrophyte biomass, multivariate 
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one-way ANOVAs were used to test for significant differences between locations (Lo) on each 

of the control streams. Three ANOVAs were performed in which two tested the difference 

between locations on each of the two control streams separately, and a third test combined 

the data from both control streams. Data were pooled across time (hydrology) within each test 

and Monte-Carlo p-values were used when less than 100 unique permutations could be 

attained (Appendix 3). 

 
Table 6.1: Table of formulae for a balanced statistical design. Treatment is a fixed factor and has two 
levels (a=2), stream is a random factor and has five levels (b=5), and time is a random factor with four 
levels (c=4). Tables of correct formulae for the unbalanced design are listed in Appendix 5 and will be 
referred to in the results section. 

 
 

Source of 
variation 

Multipliers 
 
i         j        k         r 

Degrees of 
freedom 

Expected mean square  Variance 
component 

1 Treatment = Tr 0 b C n a-1 σ2
e + nσ2

TrStTi + bnσ2
TrTi + cnσ2

TrSt + 
bcnσ2

Tr 
(MSTr - MSe)/bcn 

2 Stream = St a 1 C n b-1 σ2
e + anσ2

StTi + acnσ2
St (MSSt - MSe)/acn 

3 Time = Ti a b 1 n c-1 σ2
e + anσ2

StTi + abnσ2
Ti (MSTi - MSe)/abn 

4 Tr x St 0 1 C n (a-1)(b-1) σ2
e + nσ2

TrStTi + cnσ2
TrSt (MSTrSt - MSe)/cn 

5 Tr x Ti 0 b 1 n (a-1)(c-1) σ2
e + nσ2

TrStTi + bnσ2
TrTi (MSTrTi - MSe)/bn 

6 St x Ti a 1 1 n (b-1)(c-1) σ2
e + anσ2

StTi (MSStTi - MSe)/an 

7 Tr x St x Ti 0 1 1 n (a-1)(b-1)(c-1) σ2
e + nσ2

TrStTi (MSTrStTi - MSe)/n 

8 Residual = e 1 1 1 1 abc(n-1) σ2
e MSe 
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Table 6.2:  List of predictor variables and their respective transformations used in the regression analyses. SA:V = surface area:volume ratio, C-
repro = C. cunninghamiana reproductive structures, UI = unidentified fraction, temperature = mean daily surface water temperature, TSS = total 
suspended solids. 

Variable  Transformation Variable Transformation Variable Transformation 

No. of features - Wood (g) Log(x+1) DOC (g day-1) √x with sign reinstated 

Flow percentile Log(x+1) C-repro (g) Log(x+1) NOx (g day-1) √x with sign reinstated 

Velocity Log(x+0.1) Leaf (g) Log(x+1) SRP (g day-1) √x with sign reinstated 

SA:V - Macrophyte (g) Log(x+1) TN (g day-1) x.33 with sign reinstated 

Wetted area - UI (g) Log(x+1) TP (g day-1) √x with sign reinstated 

CBOM (g m-2) Log(x+1) DOC - CBOM (g day-1) √x with sign reinstated 

FBOM (g m-2) Log(x+1) NOx Box-Cox FBOM (g day-1) √x with sign reinstated 

Needle (g m-2) Log(x+1) SRP 1/(x+1) Needle (g day-1) √x with sign reinstated 

Wood (g m-2) Log(x+1) TN Log(x) Wood (g day-1) √x with sign reinstated 

C-repro (g m-2) Log(x+1) TP 1/(x+1) C-repro (g day-1) √x with sign reinstated 

Leaf (g m-2) Log(x+1) DOC:NOx - Leaf (g day-1) √x with sign reinstated 

Macrophyte (g m-2) Log(x+1) NOx:SRP - Macrophyte (g day-1) √x with sign reinstated 

UI (g m-2) Log(x+1) DOC:SRP - UI (g day-1) √x with sign reinstated 

CBOM (g) Log(x+1) DOC:TN - AP Log(x+1) 

FBOM (g) Log(x+1) TN:TP - Leu Log(x+1) 

Needle (g) Log(x+1) DOC:TP - β-glu Log(x+1) 

Temperature Log(x+1) Chlorophyll a Log(x+1) α-glu Log(x+1) 

TSS Log(x+1) Macrophyte biomass Box-Cox xylo Log(x+1) 
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6.3 Results 

Ecosystem metabolism 

Gross primary productivity 

There was no clear difference in GPP rates between vegetated and non-vegetated reaches, and 

was supported by the non-significant result from the PERMANVOA test (Table 6.3). Despite this 

result, there was a trend in some treatment streams during the February and May deployment 

periods, where GPP rates at the Gwydir and Roumalla vegetated reaches decreased and their 

paired non-vegetated reaches increased. The PERMANOVA test showed that there was a 

significant effect of hydrology on daily GPP rates (p = 0.001, Table 6.3). Daily rates of GPP were 

highest at all reaches during February and May, the low and no-flow periods, and ranged 

between 1.64 and 10.36 mg O2 L-1 day-1 (Figure 6.1). The positive values during February 

indicate that transport through each reach increased the rate of GPP, relative to the upstream 

surface water entering the reach. During September and November, the high-periods, the daily 

rates of GPP decreased to between -1.56 and 1.06 mg O2 L-1 day-1, with the exception of 

Booralong CS in November (Figure 6.1). The change in GPP rates relative to upstream surface 

water varied between reaches during these high-flow periods. 

The tests for significant differences between locations on the control streams showed that 

there were no significant effects of location on the four metabolic parameters. The result was 

consistent for each test when data were combined between the two control streams and on 

each individual control stream (Appendix 4, Table A4.21).  
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Table 6.3: Results of PERMANOVA main test for significant differences in reach GPP (mg O2 L
-1 day-1) 

between treatment (Tr), streams (St), time (Ti), and their significant interactions. All ten reaches were 
used in the analysis. Significant results are in bold type. 

Source df SS MS Pseudo-F P(perm) 

Tr 1 0.503 0.503 0.486 0.742 
St 4 4.824 1.206 2.926 0.069 
Ti 3 34.531 11.510 28.210 0.001 
TrxSt** 2 0.556 0.278 0.856 0.511 
TrxTi 3 4.321 1.440 4.433 0.087 
StxTi 12 4.713 0.393 0.605 0.748 
TrxStxTi** 4 1.300 0.325 0.501 0.701 
Res 7 4.543 0.649   
Total 36 55.241    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.12 for correct formulae. 

  

  
Figure 6.1: Reach GPP (mg O2 L

-1 day-1) for each stream during (A) February, (B) May, (C) September, and 
(D) November sampling periods. The two columns for each stream represent the upstream (dark grey) 
and downstream (light grey) reaches, which are the non-vegetated and vegetated reaches in the 
treatment streams, respectively. 
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Ecosystem respiration 

There was also no significant difference in daily rates of ER between vegetated and non-

vegetated reaches (Table 6.4). Between sampling times, the pattern of ER rates was very similar 

to the pattern of GPP rates and there was also a significant effect of hydrology (time) on ER 

rates (p = 0.001, Table 6.4). A negative ER value indicates that there was an increase in ER rates 

as surface water moved through reaches, while a positive value indicates that the rates of ER 

decreased as surface water moved through reaches (Figure 6.2). With the exception of the 

upstream non-vegetated control reach, Laura Homestead, the highest rates of ER occurred 

during February, the low-flow period, and ranged between -8.24 and -2.37 mg O2 L-1 day-1 

(Figure 6.2). The negative values during February show that all reaches increased in ER rates, 

with the exception of Laura Homestead, relative to the upstream surface water. During May, 

the rates of ER decreased across all reaches and ranged between -4.05 and -1.38 mg O2 L
-1 day-1 

(Figure 6.2). During September and November, the high-flow periods, rates of ER ranged 

between -2.02 and 1.17 mg O2 L-1 day-1 (Figure 6.2). Therefore, the change in rates of ER 

relative to upstream surface water varied across reaches during September and November. In 

addition, the low rates of GPP and ER during September and November across the reaches 

meant that the positive or negative net changes could not be consistently attributed to 

fluctuations in GPP or ER.  

Table 6.4: Results of PERMANOVA main test for significant differences in reach ER (mg O2 L-1 day-1) 
between treatment (Tr), streams (St), time (Ti), and their significant interactions. All ten reaches were 
used in the analysis. Significant results are in bold type.  

Source df SS MS Pseudo-F P(perm) 

Tr 1 2.532 2.532 2.479 0.171 
St 4 6.568 1.642 2.648 0.086 
Ti 3 24.310 8.103 15.777 0.001 
TrxSt** 2 7.811e-2 3.906e-2 0.171 0.843 
TrxTi 3 3.229 1.077 4.715 0.091 
StxTi 12 5.982 0.499 0.237 0.959 
TrxStxTi** 4 0.913 0.228 0.109 0.859 
Res 7 14.722 2.103   
Total 36 61.325    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.12 for correct formulae. 
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Figure 6.2: Reach ER (mg O2 L-1 day-1) for each stream during (A) February, (B) May, (C) September, and 
(D) November sampling periods. The two columns for each stream represent the upstream (dark grey) 
and downstream (light grey) reaches, which are the non-vegetated and vegetated reaches in the 
treatment streams, respectively. 
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Net DO change 

The net change in DO was highly variable across time and there appeared to be no clear pattern 

within or between vegetated and non-vegetated reaches (Figure 6.3). This was supported by 

the PERMANOVA test that showed that there was no significant effect of riparian vegetation 

(Table 6.5). There did appear to be a trend within some reaches across time, for example, the 

net change in DO was consistently negative at the Roumalla vegetated reach during all sampling 

times. At the Moredun and Gwydir vegetated reaches, the net change in DO was consistently 

positive during all sampling periods (Figure 6.5). There was a significant effect of hydrology on 

net change in DO (p = 0.029, Table 6.5). During May, the no-flow period, the net change in DO 

was positive at all non-vegetated reaches. With the exception of the upstream non-vegetated 

control reach, Laura Homestead, the positive net DO values also increased between February 

and May (Figure 6.3). The majority of net DO changes were between -2.00 and 2.00 mg O2 L-1 

day-1 across all sampling periods, however, these low values generally decreased to between -

1.00 and 1.00 mg O2 L-1 day-1 during September and November, the high-flow periods (Figure 

6.3). 

 

Table 6.5: Results of PERMANOVA main test for significant differences in reach net DO change (mg O2 L-1 
day-1) between treatment (Tr), streams (St), time (Ti), and their significant interactions. All ten reaches 
were used in the analysis. Significant results are in bold type.  

Source df SS MS Pseudo-F P(perm) 

Tr 1 9.137e-2 9.137e-2 0.524 0.731 
St 4 4.902 1.226 2.390 0.140 
Ti 3 6.514 2.171 4.099 0.029 
TrxSt** 2 0.276 0.137 0.384 0.724 
TrxTi 3 2.220 0.740 2.069 0.215 
StxTi 12 6.162 0.514 1.022 0.521 
TrxStxTi** 4 1.431 0.358 0.712 0.614 
Res 7 3.516 0.502   
Total 36 32.017    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.12 for correct formulae. 

 

 



Chapter 6: Ecosystem metabolism 

256 

 

 

 

  

  

Figure 6.3: Reach net change in DO concentration (mg O2 L-1 day-1) for each stream during (A) February, 
(B) May, (C) September, and (D) November sampling periods. The two columns for each stream 
represent the upstream (dark grey) and downstream (light grey) reaches, which are the non-vegetated 
and vegetated reaches in the treatment streams, respectively. 
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Net C-fixation and consumption  

The rates of net C-fixation and consumption (also known as net ecosystem production, NEP) 

were identical to the pattern of net change in DO (discussed above). The highest rate of C-

fixation was within the upstream non-vegetated control reach, Laura HD (1.47 g C L-1 day-1), 

during February, the low-flow period (Figure 6.4). The highest rate of C-consumption was within 

the upstream vegetated control reach, Booralong CS (-4.53 g C L-1 day-1), during November, the 

second high-flow sampling period (Figure 6.4).  

  

  

Figure 6.4: Reach net change in C (mg C L-1 day-1) for each stream during (A) February, (B) May, (C) 
September, and (D) November sampling periods. The two columns for each stream represent the 
upstream (dark grey) and downstream (light grey) reaches, which are the non-vegetated and vegetated 
reaches in the treatment streams, respectively. 
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During February, the low-flow period, the largest net C-fixation at the whole-reach scale was 

55,795 mg day-1 at the upstream non-vegetated control reach, Laura HD (Table 6.6). This was 

more than five times the next largest rate of net C-fixation, which was 10,216 mg day-1 at the 

downstream non-vegetated control reach, Laura Bridge. The largest net consumption of C was 

estimated to be -8,275 mg day-1 at the Gwydir non-vegetated reach (Table 6.6). Three of the 

vegetated reaches, Roumalla vegetated and the vegetated control reaches, Booralong CS and 

Booralong Bridge were all net consumers of C with rates ranging between -3,365 and -5,793 mg 

day-1 in February. Whole-reach estimates of C-fixation rates were reduced during the no-flow 

period and all reaches except the Roumalla vegetated reach were autotrophic with net C-

fixation rates ranging between 3 and 5,252 mg day-1 (Table 6.6). There was large variation 

between all reaches as to whether there was net C-fixation or consumption during September, 

the first high-flow sampling period. With the exception of both reaches on the non-vegetated 

control stream, Laura HD and Laura Bridge, the whole-reach rates of net C-fixation and 

consumption increased during September (Table 6.6). During November, the second high-flow 

sampling period, both Moredun vegetated and Gwydir vegetated reaches had rates of net C-

fixation of 105,680 and 172,676 mg day-1. The other eight reaches were heterotrophic, with 

rates of C-consumption ranging from -439 to -168,594 mg day-1 (Table 6.6).  

 

Table 6.6: Whole-reach estimates of net C-fixation and consumption (mg day-1). 

Reach February May September November 

Moredun V 1,485  282,004 105,680 
Gwydir V 7,627 3 92,394 172,676 
Roumalla V -4,201     -25 

 

-29,948 -8,700 
Booralong CS -5,793  56,743 -83,265 
Booralong Bridge -3,365 74 -6,428 -439 
Moredun NV 3,206 342 965,487 -168,594 
Gwydir NV -8,275 5,252  -82,056 
Roumalla NV -870 55 -47,631 -4,411 
Laura HD 55,795 2,188 3,691 -69,554 
Laura Bridge 10,216 2,462 7,287 -13,042 

 

 



Chapter 6: Ecosystem metabolism 

259 

 

Productivity:respiration ratios  

There was no clear difference in P/R ratios between vegetated and non-vegetated reaches. The 

Roumalla vegetated P/R ratio was consistently lower than the Roumalla non-vegetated reach, 

however, this trend was not evident within the two other treatment streams. These disparate 

results were further supported by the non-significant result of the PERMANOVA analyses (Table 

6.7). During February, the P/R ratios were lowest (< 0.75) within the Roumalla vegetated and 

both vegetated control reaches, Booralong CS and Booralong Bridge (Figure 6.5). All P/R ratios 

increased when flow ceased during May and ranged between 0.86 and 1.95. There was large 

variation in reach P/R ratios between all ten reaches during September, the first high-flow 

period. The variation in P/R ratios then decreased in November, the second high-flow period, 

with the majority of P/R ratios were less than 1 during November (Figure 6.5). Despite the 

evidence of some patterns in P/R ratios between sampling periods, the PERMANOVA test 

showed that the effect of hydrology was marginally non-significant on P/R ratio (p = 0.051, 

Table 6.7). 

 
 
Table 6.7: Results of PERMANOVA main test for significant differences in reach P/R ratio between 
treatment (Tr), streams (St), time (Ti), and their significant interactions. All ten reaches were used in the 
analysis. Significant results are in bold type. 

Source df SS MS Pseudo-F P(perm) 

Tr 1 0.270 0.270 4.499 0.077 
St 4 1.027 0.257 1.772 0.156 
Ti 3 1.520 0.507 3.328 0.051 
TrxSt** 2 2.071e-2 1.036e-2 0.233 0.797 
TrxTi 3 0.179 5.952e-2 1.337 0.368 
StxTi 12 1.770 0.148 1.310 0.412 
TrxStxTi** 4 0.178 4.451e-2 0.395 0.781 
Res 7 0.788 0.113   
Total 36 6.048    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.12 for correct formulae. 
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Figure 6.5: Reach P/R ratio for each stream during (A) February, (B) May, (C) September, and (D) 
November sampling periods. The two columns for each stream represent the upstream (dark grey) and 
downstream (light grey) reaches, which are the non-vegetated and vegetated reaches in the treatment 
streams, respectively. 
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Light 

There was a significant negative effect of riparian vegetation on the average daily light reaching 

the reach surface water (p = 0.015, Table 6.8). It was expected that the highest light would 

occur during February, which was during the austral summer and low-flow sampling period, 

however, equipment issues meant that these values were irretrievably lost. There was no 

significant effect of location on PAR within the control streams (Appendix 4, Table A4.22). The 

highest average light recorded at both vegetated and non-vegetated reaches occurred during 

November, the second high-flow sampling period. At the non-vegetated reaches, the highest 

average daily light ranged between 175,555 and 573,076 lumens m-2, while average daily light 

ranged between 72,438 and 323,251 lumens m-2 at the vegetated reaches during November 

(Table 6.9). The largest difference between vegetated and non-vegetated reaches on the same 

treatment stream was recorded at Moredun Creek during September, the first high-flow 

sampling period. During September, the average daily light at the Moredun vegetated and non-

vegetated reaches was 3,843 and 15,285 lumens m-2, respectively (Table 6.9). The range of 

average daily light values were lowest during May, the no-flow period, at both vegetated (983 

to 6,060 lumens m-2) and non-vegetated reaches (2,978 to 23,034 lumens m-2), with the 

exception of the downstream non-vegetated control reach, Laura Bridge (Table 6.9). 
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Table 6.8: Results of PERMANOVA main test for significant differences in average daily light values 
(lumens m-2) between treatment (Tr), streams (St), time (Ti), and their significant interactions. All ten 
reaches were used in the analysis. Significant results are in bold type. 

Source df SS MS Pseudo-F P(perm) 

Tr 1 28.083 28.083 15.178 0.015 
St 4 2.860 0.715 0.463 0.832 
Ti 2 10.831 5.416 3.193 0.101 
TrxSt** 2 1.851 0.926 2.395 0.304 
TrxTi 2 1.657 0.829 2.144 0.305 
StxTi 8 13.386 1.673 31.182 0.001 
TrxStxTi** 2 0.773 0.387 7.203 0.024 
Res 5 0.268 5.366e-2   
Total 26 111.030    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.13 for correct formulae. 

 

 

 
Table 6.9:  Average daily light values (lumens m-2) for each vegetated and non-vegetated reaches during 
each deployment time (n = 96).  

Reach May September November 

Moredun V  3,843 169,418 
Gwydir V 6,060 8,891 323,251 
Roumalla V 4,099 8,272 83,684 
Booralong CS  192 72,438 
Booralong Bridge 983 278 99,343 
Moredun NV 2,978 15,285 371,743 
Gwydir NV 23,899  354,494 
Roumalla NV 9,852 32,513 175,555 
Laura HD 23,034 16,651 573,076 
Laura Bridge 22,042 25,458 443,750 
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Chlorophyll a surveys 

There was no clear difference in mean chlorophyll a concentration between vegetated and 

non-vegetated reaches during May, November and September, and was supported by the non-

significant result of the PERMANOVA analyses (Table 6.10). There was no significant effect of 

location on chlorophyll a concentration within the control streams (Appendix 4, Table A4.23). 

During February, the low-flow period, there was no clear pattern between the vegetated and 

non-vegetated reaches on the treatment streams. Moredun and Gwydir vegetated reaches had 

lower mean chlorophyll a concentrations of 0.01 and 0.02 mg L-1, compared to the Moredun 

and Gwydir non-vegetated reaches which had mean chlorophyll a concentrations of 0.04 and 

0.038 mg L-1, respectively (Figure 6.6). Conversely, the Roumalla vegetated reach had a higher 

mean chlorophyll a concentration of 0.04 mg L-1 compared to the Roumalla non-vegetated 

reach which had a concentration of 0.01 mg L-1 during February (Figure 6.6).  

The effect of hydrology on chlorophyll a concentration was determined to be significant (p = 

0.001, Table 6.10). Mean water column chlorophyll a concentration ranged between 0.009 and 

0.079 mg L-1 during February. Chlorophyll a concentration increased at Moredun non-vegetated 

(0.172 mg L-1), Booralong Bridge (0.253 mg L-1) and Laura Bridge (0.195 mg L-1) reaches during 

May, the no-flow period. The concentration decreased to below 0.010 mg L-1 during September 

and November across all reaches (Figure 6.6).  

There was also a significant interaction between treatment (Tr), stream (St) and time (Ti) 

determined by the PERMANOVA test (p = 0.013, Table 6.10) and also between streams (St) and 

time (Ti) (p = 0.001, Table 6.10). It was evident from the large standard error bars (Figure 6.6) 

that there was large variation within samples from each reach at each sampling time. Although 

the variation appeared to be consistent between sampling times the results of the PERMDISP 

analysis showed that there were significant differences in dispersions between sampling times 

(p = 0.001). This significant PERMDISP result means that the significant effects and interation 

tests with hydrology (Table 6.10) may be partly driven by differences in dispersions, however, 

the results suggest that hydrology is driving the differences in chlorophyll a concentration 

between treatments and streams.  
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Table 6.10: Results of PERMANOVA main test for significant differences in chlorophyll a concentration 
(mg L-1) between treatment (Tr), streams (St), time (Ti), and their significant interactions. All ten reaches 
were used in the analysis. Significant results are in bold type. 

Source df SS MS Pseudo-F P(perm) 

Tr 1 5.663e-3 5.663e-3 0.889 0.524 

St 4 0.164 4.100e-2 1.262 0.366 
Ti 3 0.938 0.313 8.631 0.004 
TrxSt** 2 1.740e-2 8.700e-3 2.359 0.194 
TrxTi 3 5.495e-2 1.832e-3 0.497 0.679 
StxTi 12 0.406 3.385e-2 27.861 0.001 
TrxStxTi** 5 1.844e-2 3.688e-3 3.036 0.013 
Res 83 0.101 1.215e-3   
Total 113 1.563    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.13 for correct formulae. 

 

 

 
Figure 6.6: Mean surface water chlorophyll a concentration (mg L-1) for each stream during (A) February, 
(B) May, (C) September, and (D) November sampling periods. Error bars are standard error of the 
sample mean (n=3). The two columns for each stream represent the upstream (dark grey) and 
downstream (light grey) reaches, which are the non-vegetated and vegetated reaches in the treatment 
streams, respectively. Note that the axis scales differ between the top (A and B) and bottom figures (C 
and D). 
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Chlorophyll a mass-balance 

The load of chlorophyll a entering the study reaches increased at all sites between the February 

(low-flow) and  September (first high-flow) periods, except at the Gwydir vegetated and non-

vegetated reaches, and the upstream non-vegetated control reach, Laura Homestead (Table 

6.11). The imported loads then decreased across all reaches during, November, the second 

high-flow period. There was a net export or increase of chlorophyll a from both vegetated and 

non-vegetated reaches across all sampling periods. The largest exported load was from the 

non-vegetated control stream reaches, Laura Homestead (284 g day-1) and Laura Bridge (219 g 

day-1) during February, the low-flow period. The largest retained load or decrease in mass-

balance of chlorophyll a was within the Gwydir non-vegetated reach (-163 g day-1) during 

September, the first high-flow period (Table 6.11). 
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Table 6.11: The mass-balance and retained loads of chlorophyll a (g day-1) at each reach during the February, September and November 
sampling periods.  Standard error of the mean are in parentheses (n=3). V = vegetated, NV = non-vegetated and Br = Bridge.  

 February September November 

 Import Export Retained Import Export Retained Import Export Retained 

Moredun NV 
201  
(0.6) 

200  
(0.9) 

-1 1226  
(3.2) 

1439  
(4.2) 

213 697  
(2.5) 

697  
(2.5) 

0 

Moredun V 
12  

(0.3) 
19  

(0.5) 
7 776  

(2.8) 
898  
(4.6) 

122 462  
(0.0) 

514  
(2.2) 

52 

Gwydir NV 
1020  
(2.3) 

1089  
(2.0) 

69 1021  
(2.8) 

858  
(6.9) 

-163 861  
(2.7) 

861  
(4.5) 

0 

Gwydir V 
733  
(2.8) 

755  
(1.5) 

22 449  
(4.0) 

449  
(4.0) 

0 782  
(2.7) 

861  
(2.7) 

79 

Roumalla NV 
101  
(1.2) 

107  
(0.5) 

6 177  
(1.6) 

189  
(0.0) 

12 98  
(0.9) 

102  
(0.9) 

4 

Roumalla V 
92  

(2.1) 
137  
(1.0) 

45 239  
(3.0) 

314  
(1.6) 

75 112  
(0.8) 

94  
(1.4) 

-18 

Laura HD 
841  
(1.8) 

1124  
(5.2) 

284 666  
(2.5) 

764  
(2.5) 

98 171  
(1.9) 

189  
(1.7) 

18 

Laura Br 
296  
(2.2) 

515  
(2.0) 

219 753  
(5.6) 

815  
(3.6) 

62 273  
(2.4) 

265  
(1.3) 

-8 

Booralong CS 
63  

(1.5) 
52  

(0.8) 
-11 178 

(0.0) 
218 
(2.1) 

40 26  
(0.8) 

26  
(0.5) 

0 

Booralong Br 
48 

(0.8) 
74  

(1.2) 
26 250  

(1.3) 
234  
(1.8) 

-16 32  
(0.9) 

32 
(0.9) 

0 
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Macrophyte biomass 

The results of the PERMANOVA test showed that macrophyte biomass was significantly larger 

at non-vegetated reaches compared to vegetated reaches, indicating that there was a negative 

effect of riparian vegetation (Table 6.12). There was no significant effect of location on 

macrophyte biomass within the control streams (Appendix 4, Table A4.24). Overall, the 

Moredun non-vegetated reach had the largest total macrophyte biomass during February (228 

kg), May (3036 kg) and November (27 kg) sampling periods (Figure 6.7). The largest total 

biomass present within the vegetated reaches was < 1 kg during February at the Gwydir 

vegetated reach. The results of the PERMDISP analyses show that there was a significant 

difference in dispersions within treatment (p = 0.001) and streams (p = 0.001), however, it is 

clear in Figure 6.7 that only very small amounts of macrophyte biomass were recorded at 

vegetated reaches on a few occasions, in comparison to the non-vegetated reaches.  

 
 
 
 
Table 6.12: Results of PERMANOVA main test for significant differences in total macrophyte biomass (kg) 
between treatment (Tr), streams (St), time (Ti), and their significant interactions. All ten reaches were 
used in the analysis. Significant results are in bold type.  

Source df SS MS Pseudo-F P(perm) 

Tr 1 11.779 11.779 6.305 0.030 
St 4 2.764 0.691 1.313 0.346 
Ti 3 2.619 0.873 1.489 0.277 
TrxSt** 2 3.789 1.894 8.326 0.030 
TrxTi 3 0.146 4.862e-2 0.214 0.874 
StxTi 12 6.579 0.548 26.582 0.001 
TrxStxTi** 5 1.138 0.228 11.031 0.005 
Res 7 0.144 2.063e-2   
Total 37 43.296    
**Some cells were empty due to an unbalanced design – see Appendix 5, Table A5.14 for correct formulae. 
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Figure 6.7: Total macrophyte biomass (kg) for each stream during (A) September and (B) November 
sampling periods. Error bars are standard error of the sample mean. The two columns for each stream 
represent the upstream (dark grey) and downstream (light grey) reaches, which are the non-vegetated 
and vegetated reaches in the treatment streams, respectively. Note that the axis scales are different 
between the top (A and B) and bottom (C and D) figures. 
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The BEST analyses showed that flow percentile and surface area:volume ratio were significantly 

correlated with chlorophyll a concentration within the vegetated reaches (p = 0.03), and 

explained 60% of the variation within the model (Table 6.13). Similarly, within the non-

vegetated reaches, a combination of flow percentile, velocity and surface:area ratio were 

significantly correlated with chlorophyll a concentration (p = 0.02) and explained 47.9% of the 

variation (Table 6.14). The variation retained/exported chlorophyll a loads were not 

significantly correlated with any combination of the hydro-geomorphic variables within either 

the vegetated or non-vegetated reaches, although a combination of velocity and wetted area 

were close to the 0.05 significance level (p = 0.13) within the vegetated reaches. There was no 

significant correlation between the hydro-geomorphic variables and total macrophyte biomass 

within the vegetated reaches (Table 6.13). Within the non-vegetated reaches, wetted area 

explained 22.1% of the variation in total macrophyte biomass, however, this was only close to 

the 0.05 significance level (p = 0.16, Table 6.14). 

Table 6.13: Results of the BEST analyses between chlorophyll a and macrophyte data from the vegetated 
reaches and their corresponding  hydro-geomorphic variables. Significant results are in bold type. 

Nutrient Correlation level Correlation variables Significance level  

Chl. a 
concentration 
 

0.606 Flow percentile, surface area:volume 0.03 

Chl. a retention 
 

0.320 Velocity, wetted area 0.13 

Macrophyte 
biomass 

0.104 
 

No. of features, wetted area 
 

 

0.60 

 
Table 6.14: Results of the BEST analyses between chlorophyll a and macrophyte data from the non-
vegetated reaches and their corresponding  hydro-geomorphic variables. Significant results are in bold 
type. 

Nutrient Correlation level Correlation variables Significance level  

Chl. a 
concentration 
 

0.479 Flow percentile, velocity,  
surface area:volume 

0.02 

Chl. a retention 
 

-0.083 Velocity 0.99 

Macrophyte 
biomass 

0.221 
 

Wetted area 
 

 

0.16 
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Correlation of hydro-geomorphic and biochemical variables with metabolic parameters 

Within the vegetated reaches, the significant positive correlations with the variation in GPP 

rates included: flow percentile (r2 = 0.42, Table 6.15), surface area:volume ratio (r2 = 0.35, Table 

6.15), DOC:SRP (r2 = 0.37, Table 6.17) and TN:TP ratios (r2 = 0.25, Table 6.17), α-glu EEA (r2 = 

0.44, Table 6.18) and mean daily surface water temperature (r2 = 0.26, Table 6.19). The 

significant negative correlations with the variation in GPP rates included: SRP (r2 = 0.37, Table 

6.16) and TP concentration (r2 = 0.52, Table 6.16), and DOC:TN ratio (r2 = 0.38, Table 6.17).  

The significant positive correlations with the variation in ER rates at the vegetated reaches 

included: velocity (r2 = 0.55, Table 6.15), SRP (r2 = 0.70, Table 6.16) and TP concentrations (r2 = 

0.82, Table 6.16), DOC:SRP (r2 = 0.71, Table 6.17) and DOC:TN ratios (r2 = 0.75, Table 6.17), xylo 

EEA (r2 = 0.87, Table 6.18), and whole-reach mass estimates of CBOM (r2 = 0.25, Table 6.21), 

wood (r2 = 0.35, Table 6.21) and C. cunninhamiana reproductive features (r2 = 0.39, Table 6.21). 

The significant negative correlations included: flow percentile (r2 = 0.79, Table 6.15), surface 

area:volume ratio (r2 = 0.39, Table 6.15), TN concentration (r2 = 0.64, Table 6.16), TN:TP ratio (r2 

= 0.32, Table 6.17), α-glu EEA (r2 = 0.51, Table 6.18), chlorophyll a concentration (r2 = 0.70, 

Table 6.19), and mean daily surface water temperature (r2 = 0.32, Table 6.19). 

The variation in GPP rates within the non-vegetated reaches were significantly positively 

correlated with: flow percentile (r2 = 0.80, Table 6.15), surface area:volume ratio (r2 = 0.32, 

Table 6.15), wetted area (r2 = 0.39, Table 6.15), TN concentration (r2 = 0.23, Table 6.16), 

chlorophyll a concentration (r2 = 0.42, Table 6.19), macrophyte biomass (r2 = 0.44, Table 6.19), 

and TSS concentration (r2 = 0.33, Table 6.19). The significant negative correlations with GPP 

rates included: velocity (r2 = 0.51, Table 6.15), SRP (r2 = 0.44, Table 6.16) and TP concentration 

(r2 = 0.80, Table 6.16), NOx:SRP (r2 = 0.58, Table 6.17), DOC:SRP (r2 = 0.53, Table 6.17) and 

DOC:TN ratios (r2 = 0.68, Table 6.17), and xylo EEA (r2 = 0.80, Table 6.18).  

Within the non-vegetated reaches, the variation in ER rates were significantly positively 

correlated with velocity (r2 = 0.34, Table 6.15), SRP (r2 = 0.59, Table 6.16) and TP concentration 

(r2 = 0.76, Table 6.16), and significantly negatively correlated with flow percentile (r2 = 0.28, 

Table 6.15) and TN concentration (r2 = 0.60, Table 6.16). 
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The variation in P/R ratios at the vegetated reaches was significantly positively correlated with 

TP concentration (r2 = 0.27, Table 6.16), xylo EEA (r2 = 0.44, Table 6.18), aerial unit estimates of 

benthic C. cunninghamiana reproductive (r2 = 0.40, Table 6.19) and unidentifiable organic 

matter fractions (r2 = 0.57, Table 6.19), and whole-reach estimates of benthic C. 

cunninghamiana reproductive features (r2 = 0.27, Table 6.21). 

There were no significant correlations between reach P/R ratios and the predictor variables 

within the non-vegetated reaches. However, there were a number of significant correlations 

between the net change in DO concentration with the predictor variables within the non-

vegetated reaches. These included significant positive relationships with flow percentile (r2 = 

0.57, Table 6.15), wetted area (r2 = 0.23, Table 6.15), TN concentration (r2 = 0.51, Table 6.16), 

DOC:SRP ratio (r2 = 0.29, Table 6.17), β-glu (r2 = 0.61, Table 6.18) and α-glu EEA (r2 = 0.57, Table 

6.18), benthic macrophyte biomass (r2 = 0.33, Table 6.19), chlorophyll a concentration (r2 = 

0.47, Table 6.19) and TSS concentration (r2 = 0.72, Table 6.19). The significant negative 

correlations between net change in DO and predictor variables included: velocity (r2 = 0.32, 

Table 6.15), SRP (r2 = 0.26, Table 6.16) and TP concentrations (r2 = 0.49, Table 6.16), DOC:TN (r2 

= 0.45, Table 6.17) and DOC:TP ratios (r2 = 0.23, Table 6.17), xylo EEA (r2 = 0.23, Table 6.18), and 

daily retained/exported loads of FBOM (r2 = 0.23, Table 6.20) and chlorophyll a (r2 = 0.23, Table 

6.20). 

There were no significant relationships between net change in DO concentration and the 

predictor variables within the vegetated reaches. There were also no significant correlations 

between any of the metabolic parameters within vegetated and non-vegetated reaches with 

retained nutrient loads.   
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Table 6.15: Slope (m) and squared multiple r (r) values of significant regression analyses between reach metabolic parameters and 
hydro-geomorphic variables. Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size is n=18 for vegetated 
and n=19 for non-vegetated datasets; # indicates n=17 (vegetated) or n=18 (non-vegetated), ## indicates n=16 (vegetated) or n=17 (non-
vegetated). 

 Vegetated Non-vegetated 

 Net GPP ER P/R Net GPP ER P/R 

No. feature 
 
 

       

Flow 
percentile 

 
m = 0.48 

r = 0.42** 
m = -0.76# 
r = 0.79*** 

 
 

m = 0.58## 
r = 0.57*** 

m = 0.99# 
r = 0.80*** 

m = -0.50# 
r = 0.28* 

 

Velocity 
 

 
m = -0.36 
r = 0.26* 

m = 0.55# 
r = 0.55*** 

 
m = -0.38 
r = 0.32* 

m = -0.73 
r = 0.51*** 

m = 0.48# 
r = 0.34** 

 

SA:V 
 

 
m = 0.48# 
r = 0.35** 

m = -0.60# 
r = 0.39** 

  
m = 1.58## 

r = 0.32* 
  

Wetted area  
 
 

m < 0.01# 
r = 0.38** 

 
m < 0.01 
r = 0.23* 

m < -0.01 
r = 0.39** 

  

 
Table 6.16: Slope (m) and squared multiple r (r) values of significant regression analyses between reach metabolic parameters and 
mean nutrient concentrations (mg L-1). Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size is n=18 for 
vegetated and n=19 for non-vegetated datasets; # indicates n=17 (vegetated) or n=18 (non-vegetated), ## indicates n=16 (vegetated) or n=17 
(non-vegetated). 

 Vegetated Non-vegetated 

 Net GPP ER P/R Net GPP ER P/R 

DOC 
 

 
       

NOx 
 

 
       

SRP 
 

 

m = -0.01# 
r = 0.37** 

m = 0.02# 
r = 0.70*** 

 
m = -0.02  
r = 0.26* 

m = -0.03  
r = 0.44** 

m = 0.03#  
r = 0.59*** 

 

TN 
 
 

 
m = -3.86## 
r = 0.64*** 

 
m = 2.45#  

r = 0.51*** 
m = 2.63  
r = 0.23* 

m = -3.11###  
r = 0.60*** 

 

TP 
 

 

m = -0.12# 
r = 0.52*** 

m = 0.16## 
r = 0.82*** 

m = 0.04 
r = 0.27* 

m = -0.12  
r = 0.49*** 

m = -0.20##  
r = 0.80*** 

m = 0.17##  
r = 0.76*** 
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Table 6.17: Slope (m) and squared multiple r (r) values of significant regression analyses between reach metabolic parameters and 
nutrient ratios. Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size is n=18 for vegetated and n=19 for 
non-vegetated datasets; # indicates n=17 (vegetated) or n=18 (non-vegetated), ## indicates n=16 (vegetated) or n=17 (non-vegetated). 

 Vegetated Non-vegetated 

 Net GPP ER P/R Net GPP ER P/R 

DOC : NOx 
 

 
       

NOx : SRP 
 
 

    
m = -3.50# 
r = 0.58*** 

  

DOC : SRP 
 

 

m < 0.01 
r = 0.37** 

m < 0.01# 
r = 0.71*** 

 
m < 0.01 
r = 0.29* 

m < -0.01  
r = 0.53*** 

  

DOC : TN 
 
 

m = -0.09# 
r = 0.38** 

m = 0.14## 
r = 0.75*** 

 
m = -0.10 
r = 0.45** 

m = -0.18#  
r = 0.68*** 

  

TN : TP 
 

 

m = 0.05# 
r = 0.25* 

m = -0.06# 
r = 0.32* 

     

DOC : TP 
 
 

   
m < -0.01  
r = 0.23* 

   

 
Table 6.18: Slope (m) and squared multiple r (r) values of significant regression analyses between reach metabolic parameters and 
EEA (μM 4-MUB L-1 h-1).  Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size is n=18 for vegetated and 
n=19 for non-vegetated datasets; # indicates n=17 (vegetated) or n=18 (non-vegetated), ## indicates n=16 (vegetated) or n=17 (non-vegetated). 

 Vegetated Non-vegetated 

 Net GPP ER P/R Net GPP ER P/R 

AP 
 

 
       

LAP 
 
 

       

β-glu 
 
 

   
m = 0.71#  

r = 0.61*** 
   

α-glu 
 
 

m = 0.98 
r = 0.44** 

m = -1.48## 
r = 0.51** 

 
m = 1.11##  
r = 0.57*** 

   

xylo 
 
 

 
m = 1.52### 
r = 0.87*** 

m = 0.34# 
r = 0.44** 

m = -0.77  
r = 0.23* 

m = -1.98#  
r = 0.80*** 
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Table 6.19: Slope (m) and squared multiple r (r) values of significant regression analyses between organic matter variables, chlorophyll a 
concentration, macrophyte biomass, mean daily surface water temperature and TSS concentration with reach metabolism variables.  Asterisk 
indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size is n=18 for vegetated and n=19 for non-vegetated datasets; # 
indicates n=17 (vegetated) or n=18 (non-vegetated), ## indicates n=16 (vegetated) or n=17 (non-vegetated). 

 Vegetated Non-vegetated 

 Net GPP ER P/R Net GPP ER P/R 

CBOM 
 

 
       

FBOM 
 
 

       

Needle 
 
 

       

Wood 
 
 

       

C - repro 
 
 

  
m = 1.01# 
r = 0.40** 

    

Leaf 
 
 

       

Macrophyte 
 
 

   
m = 2.47##  

r = 0.33* 
   

Unidentified 
 
 

  
m = 0.65## 
r = 0.57*** 

    

Chlorophyll a    
m = -24.59## 
r = 0.70*** 

 
m = 5.30  

r = 0.47*** 
m = 7.54  

r = 0.42** 
  

Macrophyte 
biomass 

     
m = 1.74  

r = 0.44** 
  

Temperature  
m = 0.11 
r = 0.26* 

m = -0.14 
r = 0.32* 

     

TSS     
m = 0.29## 
r = 0.72*** 

m = 0.34 
r = 0.33** 
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Table 6.20: Slope (m) and squared multiple r (r) values of significant regression analyses between retained organic matter fractions and 
chlorophyll a (g day-1) with reach metabolism variables.  Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample 
size is n=18 for vegetated and n=19 for non-vegetated datasets; # indicates n=17 (vegetated) or n=18 (non-vegetated), ## indicates n=16 
(vegetated) or n=17 (non-vegetated). 

 Vegetated Non-vegetated 

 Net GPP ER P/R Net GPP ER P/R 

CBOM 
 

 
       

FBOM 
 
 

   
m = -0.12 
r = 0.23* 

   

Needle 
 
 

       

Wood 
 
 

       

C - repro 
 
 

       

Leaf 
 
 

       

Macrophyte 
 
 

       

Unidentified 
 
 

       

Chlorophyll a   
 
 

  
m = -0.12 
r = 0.23* 
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Table 6.21: Slope (m) and squared multiple r (r) values of significant regression analyses between organic matter variables (whole-reach 
total, g) with reach metabolism variables.  Asterisk indicates level of significance (* p < 0.025, **p < 0.01, *** p < 0.0001). Sample size is n=18 for 
vegetated and n=19 for non-vegetated datasets. 

 Vegetated Non-vegetated 

 Net GPP ER P/R Net GPP ER P/R 

CBOM 
 

 
 

m = 0.58 
r = 0.25* 

     

FBOM 
 
 

       

Needle 
 
 

       

Wood 
 
 

 
m = 0.54 

r = 0.35** 
     

C - repro 
 
 

 
m = 0.63 

r = 0.39** 
m = 0.19 
r = 0.27* 

    

Leaf 
 
 

       

Macrophyte 
 
 

       

Unidentified 
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The DISTLM tests could not identify any statistically significant models based on multiple 

variables to explain the variation in net change of DO, GPP and P/R ratios within the vegetated 

reaches. Flow percentile was found to be the most significantly correlated variable with GPP    

(p = 0.002), explaining 41.5% of the variation within the vegetated reaches (Table 6.22). A 

combination of flow percentile, xylo activity and mean daily temperature was significantly 

correlated with ER (p = 0.005), explaining 90% of the variation within the vegetated reaches 

(Table 6.23). However, xylo activity was significantly correlated with P/R ratio (p = 0.015) and 

explained 30.2% or the variation (Table 6.24). 

Table 6.22: Results of conditional test from DISTLM for GPP (mg L-1 day-1) from the vegetated reaches 
with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

Flow percentile 7.011 11.390 0.002 0.416 0.416 16 
Temperature 1.618 2.949 0.100 9.597e-2 0.512 15 
SA:V 0.759 1.422 0.277 4.502e-2 0.557 14 
α-glu 0.569 1.071 0.348 3.372e-2 0.591 13 
Velocity 0.481 0.899 0.366 2.853e-2 0.619 12 
DOC : SRP 0.286 0.513 0.501 1.696e-2 0.636 11 
TN : TP 0.479 0.847 0.400 2.841e-2 0.665 10 
DOC : TN 0.500 0.873 0.378 2.967e-2 0.694 9 
TP 0.178 0.286 0.614 1.054e-2 0.705 8 
SRP 4.546e-4 6.391e-4 0.984 2.696e-5 0.705 7 

 
 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Ecosystem metabolism 

278 

 

Table 6.23: Results of conditional test from DISTLM for ER (mg L-1 day-1) from the vegetated reaches 
with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

Flow percentile 17.202 40.075 0.001 0.715 0.715 16 

Xylo 2.529 8.743 0.011 0.105 0.820 15 
Temperature 1.941 11.334 0.005 8.065e-2 0.900 14 
TP 0.181 1.061 0.328 7.513e-3 0.908 13 

SRP 0.375 2.440 0.138 1.556e-2 0.924 12 
TN 0.423 3.282 0.115 1.759e-2 0.941 11 

Wetted area 0.129 0.996 0.331 5.341e-3 0.946 10 
Wood (WR) 0.171 1.370 0.259 7.085e-3 0.954 9 
TN : TP 0.194 1.671 0.241 8.040e-3 0.962 8 

Chlorophyll a 8.145e-2 0.675 0.457 3.384e-3 0.965 7 
DOC : TN 0.165 1.455 0.264 6.852e-3 0.972 6 

DOC : SRP 0.108 0.946 0.386 4.493e-3 0.976 5 
C-repro (WR) 0.235 2.794 0.153 9.771e-3 0.986 4 
SA:V 0.292 19.819 0.016 1.215e-2 0.998 3 

Velocity 4.267e-3 0.213 0.703 1.773e-4 0.998 2 
α-glu 1.187e-2 0.422 0.627 4.931e-4 0.999 1 

 

Table 6.24: Results of conditional test from DISTLM for P/R ratio from the vegetated reaches with 
significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

Xylo 0.996 6.926 0.015 0.302 0.302 16 

UI 0.528 4.471 0.059 0.160 0.462 15 

C-repro (WR) 3.826e-2 0.309 0.563 1.160e-2 0.474 14 

TP 8.069e-3 6.075e-2 0.816 2.447e-3 0.476 13 

C-repro 1.923e-3 1.338e-2 0.916 5.831e-4 0.477 12 
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A combination of TP concentration and β-glu activity was significantly correlated with the net 

change in DO (p = 0.006), explaining 68.6% of the variation within the non-vegetated reaches 

(Table 6.25). The combination of flow percentile and the DOC:SRP ratios were significantly 

correlated with GPP (p = 0.002), explaining 86.3% of the variation within the non-vegetated 

reaches (Table 6.26). The concentration of TN was found to be the most significantly correlated 

variable with ER (p = 0.013) within the non-vegetated reaches (Table 6.27) and explained 29.6% 

of the variation. No statistically significant multiple variable models were correlated with the 

P/R ratio within the vegetated reaches.  

 

Table 6.25: Results of conditional test from DISTLM for net change in DO (mg L-1 day-1) from the non-
vegetated reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

TP 8.308 16.530 0.003 0.493 0.493 17 
β-glu 3.262 9.880 0.006 0.194 0.687 16 
FBOM (retained) 0.535 1.691 0.212 3.175e-2 0.718 15 
Velocity 0.733 2.554 0.118 4.347e-2 0.762 14 
Grass 0.798 3.226 0.098 4.737e-2 0.809 13 
Flow percentile 0.847 4.288 0.051 5.025e-2 0.859 12 
DOC : TP 0.322 1.732 0.208 1.913e-2 0.879 11 
TSS 0.451 2.824 0.116 2.675e-2 0.905 10 
TN 0.181 1.148 0.323 1.071e-2 0.916 9 

Chlorophyll a 0.172 1.103 0.330 1.018e-2 0.926 8 
DOC : SRP 0.106 0.649 0.463 6.262e-3 0.932 7 
xylo 7.380e-2 0.416 0.534 4.379e-3 0.937 6 
DOC : TN 4.671e-2 0.229 0.645 2.772e-3 0.940 5 
SRP 1.819e-2 7.273e-2 0.792 1.079e-3 0.941 4 
α-glu 2.160e-2 6.623e-2 0.824 1.282e-3 0.942 3 
Wetted area 4.958e-3 1.018e-2 0.934 2.942e-4 0.942 2 
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Table 6.26: Results of conditional test from DISTLM for GPP (mg L-1 day-1) from the non- vegetated 
reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

Flow percentile 27.138 42.526 0.001 0.714 0.714 17 
DOC : SRP 5.635 17.291 0.002 0.148 0.863 16 

NOx : SRP 0.680 2.249 0.139 1.790e-2 0.881 15 

SA:V 0.642 2.309 0.140 1.690e-2 0.898 14 

Wetted area 0.447 1.687 0.199 1.177e-2 0.909 13 
Chlorophyll a 0.798 3.618 0.093 2.101e-2 0.930 12 

TN 0.832 5.044 0.052 2.191e-2 0.952 11 

xylo 0.543 4.266 0.068 1.429e-2 0.967 10 
Macrophytes 0.146 1.165 0.328 3.837e-3 0.970 9 

TSS 0.333 3.357 0.120 8.764e-3 0.979 8 

Velocity 0.170 1.904 0.220 4.467e-3 0.984 7 

DOC : TP 8.845e-2 0.991 0.332 2.329e-3 0.986 6 
SRP 5.783e-2 0.606 0.498 1.523e-3 0.987 5 

TP 4.848e-2 0.452 0.528 1.276e-3 0.989 4 

 
 

Table 6.27: Results of conditional test from DISTLM for ER (mg L-1 day-1) from the non-vegetated 
reaches with significant biophysical variables.  

Variable SS(trace) Pseudo-F P Prop. Cumul. res.df 

TN 10.917 7.164 0.013 0.297 0.297 17 

SRP 3.304 2.339 0.137 8.972e-2 0.386 16 

Velocity 0.217 0.145 0.728 5.892e-3 0.392 15 

TP 0.141 8.900e-2 0.751 3.840e-3 0.396 14 
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6.4 Discussion 

Rates of ecosystem metabolism 

The rates of whole-system GPP ranged between -1.56 and 10.36 mg L-1 day-1 across all reaches 

in this study, which fell within the lower range suggested as typical of upland streams of 0.2 to 

50 mg L-1 day-1 (see Grace & Imberger 2006). In contrast, the rates of ER ranged between 1.17 

and -8.24 mg L-1 day-1, which were lower than the suggested typical range of -8 to -100 mg L-1 

day-1 (see Grace & Imberger 2006). It is difficult to compare the rates of GPP and ER found in 

this study, which are reported in volumetric units (mg L-1 day-1), to other published studies as 

the majority of results are reported in aerial units (g m-2 day-1). However, Grace and Imberger 

(2006) put together a table of whole-system rates of GPP and ER that were converted into 

volumetric units (mg L-1 day-1). The metabolic rates reported for Sycamore Creek, a North 

American semi-arid intermittent stream, were much higher than those reported in the present 

study, with mean GPP and ER rates estimated as 280 and -200 mg L-1 day-1, respectively 

(Mulholland et al. 2001). Similarly, the rates of GPP and ER reported for South Kings Creek, a 

North American semi-arid agricultural upland stream, were 70 and -53 mg L-1 day-1, respectively 

(Mulholland et al. 2001). The metabolic rates reported for other agricultural streams and rivers 

were closer to the rates estimated in the present study. In a study on the effects of land-use on 

stream metabolism in New Zealand, the mean rates of GPP and ER were reported as 3 and -5 

mg L-1 day-1, respectively, for the developed pasture stream (Young & Huryn 1999). The range 

of GPP and ER rates for the Latrobe River in southeastern Australia were estimated between 

0.3 and 1.2 mg L-1 day-1, and -1.5 and -7.0 mg L-1 day-1, respectively (Chessman 1985). Rates of 

metabolism reported for the Little Tennessee River, USA, were also similar to those found in 

the present study, with rates of GPP and ER ranging between 1.5 and 3.0 mg L-1 day-1, and -2.4 

and -5.4 mg L-1 day-1, respectively (McTammany et al. 2003). These low rates of GPP and ER 

reported in the present study suggest that these ecosystem processes are being limited or 

disturbed in some way.  
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Riparian vegetation 

In this study, there was no overall effect of riparian vegetation on whole-ecosystem GPP or ER. 

These results contrast to those observed in similar studies of the effects of riparian vegetation 

on metabolism. In paired forested and grassland reaches along 13 streams in Pennsylvania and 

Maryland, USA, rates of whole-ecosystem GPP and ER (g m2 day-1) were higher during both the 

warmer and colder seasons (Bott et al. 2006). In upland areas of southern Tasmania, Australia, 

whole-ecosystem GPP and ER estimates were up to 10 times and two times greater, 

respectively, in cleared than forested streams (Clapcott & Barmuta 2010). Benthic GPP and 

respiration were found to increase up to two orders of magnitude across a land-use gradient 

(including riparian vegetation removal) in southeast Queensland, Australia (Fellows et al. 

2006a). Similarly, a study which spanned across three different biomes within Australia, the 

rates of benthic GPP and respiration were found to increase with decreasing riparian canopy 

cover (Bunn et al. 1999). An increase in GPP after the removal of riparian vegetation was also 

observed within a Mediterranean stream (Sabater et al. 2000). Within these studies, the higher 

rates of GPP have been attributed to an increase in PAR reaching the streambed creating 

optimal conditions for autotrophic photosynthesis/production (Bunn et al. 1999, Sabater et al. 

2000, Bott et al. 2006, Clapcott & Barmuta 2010).  

This study showed that the amount of light (measured as lumens m-2) reaching the water 

column was significantly higher at the non-vegetated reaches compared to vegetated reaches, 

however, unlike previously published studies, this did not result in significant differences in the 

rates of GPP and ER, or chlorophyll a concentrations. These disparate findings may be due to 

differences in the structural composition of riparian vegetation  or width of riparian zone 

between the vegetated reaches in this study and those used in other studies, as these 

differences may have produced more shade or cover over the streams. For example, a range of 

riparian canopy covers from 0 to 100% were used in studies by Fellows et al. (2006a) and Bunn 

et al. (1999), while only a single to a few lines of trees were present in the riparian zones in the 

vegetated reaches of this study. In addition, there have been a number of studies that have 

modelled relationships between the extent of riparian canopy cover and autotrophic biomass 
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or production (Steinman et al. 1989, Graham et al. 1995, Bunn et al. 1999). This suggests that 

there may be a threshold of width for the influence of riparian vegetation on metabolic rates 

that was not reached in the current study streams.  

The suggestion that there may be a threshold of width for the influence of riparian vegetation 

on GPP is reflected in other variables measured in this study. The results of the chlorophyll a 

surveys showed that there was no significant difference in chlorophyll a concentrations 

between vegetated and non-vegetated reaches. Riparian cover of between 60 to 90% has been 

suggested as an optimal threshold for reducing filamentous algal growth (Quinn et al. 1997), 

which implies that this threshold was not reached in some of the vegetated streams. 

Furthermore, the rates of GPP and ER can also be affected by surface water temperatures 

(Mulholland et al. 2001, Demars et al. 2011). The amount of light reaching the water column 

can alter temperatures, however in the present study there was no significant difference in 

water temperatures during any of the sampling periods (see Chapter 4). This also suggests that 

the cover (shade) of riparian vegetation provided in the vegetated reaches was not effective 

enough at reducing water temperatures or plankton/algal growth, which has been reflected in 

the rates of whole-system GPP.   

In contrast to these results, there was a significant negative effect of riparian vegetation on 

macrophyte biomass. Increased macrophyte biomass with decreasing riparian vegetation has 

been shown in many studies, and has also been attributed to the increase in light or PAR 

available to the reaches (Canfield & Hoyer 1988, Fletcher et al. 2000, Hoyer et al. 2004, Julian et 

al. 2010). A threshold of only 50% cover by riparian vegetation has been found to negatively 

affect submerged macrophyte production and biomass (Canfield & Hoyer 1988). Lower surface 

area:volume ratios were also found within the non-vegetated reaches compared to the 

vegetated reaches and this has also been shown to promote macrophyte biomass (Carr et al. 

1997). However, the results of this study show that the significant difference in macrophyte 

biomass did not lead to differences in whole-system GPP, and may also suggest that there is 

some limitation of macrophyte growth occurring within the non-vegetated reaches. 

Alternatively, this may also suggest that water column chlorophyll a contributed more to 
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whole-ecosystem GPP, although other functional groups such as, biofilms and epiphytic algae 

were not measured in this study.  

Nutrient limitation leading to increases in the C:nutrient ratios can reduce rates of metabolism 

(Guasch et al. 1995, Tank & Dodds 2003, Westhorpe et al. 2010). Nutrient surveys found that all 

study reaches had low concentrations of oxidised nitrogen, and nutrient enrichment 

experiments showed that autotrophic growth at all reaches was N-limited during all sampling 

periods (see Chapter 3). Therefore, nutrient limitation may have prevented maximum growth 

within reaches and may explain why there was no significant difference in rates of GPP 

between vegetated and non-vegetated reaches across all sampling periods. The nutrient 

enrichment experiments also showed evidence of photoinhibition of benthic autotrophic 

communities during the low-flow period (see Chapter 3), which suggests that photoinhibition 

may have interacted with nutrient limitation to reduce rates of GPP during the low-flow period. 

Net ecosystem production 

The low rates of GPP and ER in this study was also reflected in the estimates of net C-fixation 

(NEP) rates, which ranged between -1.70 to 1.47 mg C L-1 day-1 across all reaches. The net C-

fixation rates presented in volumetric units (mg C L-1 day-1) for other metabolism studies could 

be estimated from the table listed in Grace and Imberger (2006). The rate of net C-fixation for 

South Kings Creek, a North American semi-arid agricultural upland stream was estimated to  

17 mg C L-1 day-1, while Sycamore Creek, a North American semi-arid intermittent stream, had a 

net C-fixation rate of 80 mg C L-1 day-1 (Mulholland et al. 2001, adapted from Grace & Imberger 

2006). These rates show that the streams are strongly net autotrophic (Mulholland et al. 2001). 

In contrast, rates of net C-fixation were reported as -2 mg C L-1 day-1 in a developed pasture 

stream in New Zealand (Young & Huryn 1999, adapted from Grace & Imberger 2006), and 

between -0.3 to -6.7 mg C L-1 day-1 in the Latrobe River, southeastern Australia (Chessman 

1985), indicating that these streams were net heterotrophic. The low net C-fixation rates 

reported in the present study adds further support to the suggestion that ecosystem 

metabolism is being limited or disturbed in some way.  
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Similar to the rates of GPP and ER, there were also inconsistencies in NEP patterns within the 

vegetated and non-vegetated reaches. For instance, it was predicted that during the low and 

no-flow periods the vegetated reaches would be net heterotrophic and the non-vegetated 

reaches would be net autotrophic. The results showed that two of the vegetated reaches and 

three of the non-vegetated reaches were net autotrophic during the low-flow period, and all 

reaches with the exception of the Roumalla vegetated were net autotrophic during the no-flow 

period. This implies that the C available to support the heterotrophic communities at these 

reaches was from autochthonous sources during these periods (Jones & Lock 1989, Ylla et al. 

2010, see Chapter 5), predominantly from algae in both the vegetated and non-vegetated 

reaches, as well as, macrophytes in the non-vegetated reaches. The concentrations of 

chlorophyll a were highest within both vegetated and non-vegetated reaches during this no-

flow period, and there was no significant difference in concentrations between vegetated and 

non-vegetated reaches. These results are also supported by the extracellular enzyme analyses 

(EEA), which showed high β-glu activity relative to the activity of xylo enzymes within the 

reaches, and a significant difference in α-glu activity between vegetated and non-vegetated 

reaches (see Chapter 5). Essentially, this means that there is highly labile C present within 

reaches during no-flow periods regardless of the presence of riparian vegetation. However, 

these results show that despite NEP being the same between vegetated and non-vegetated 

reaches, the overall sources of C and metabolic rates are through different pathways (i.e. algae 

in vegetated reaches, algae and macrophytes in non-vegetated reaches). This highlights the 

advantage of exploring the sources of C through EEA to provide further insight into the 

dynamics of metabolism, as this conclusion could not be reached with estimates of metabolism 

alone.  

Further inconsistencies in patterns of NEP rates were evident in the three vegetated reaches 

and two non-vegetated reaches that were heterotrophic during the low-flow period. This 

implies that the rates of ER were higher than GPP within these reaches and there was not 

enough autochthonous produced C available to support the heterotrophic community. 

However, the chlorophyll a concentrations were still high at these reaches, particularly the 

Roumalla vegetated and Gwydir non-vegetated reaches. The inconsistencies may be a 
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reflection of the types and number of habitats present within both vegetated and non-

vegetated reaches, in addition to an issue relating to measuring whole-ecosystem rates of ER 

and the sampling design in this study. The addition of woody debris from riparian vegetation 

can facilitate the accumulation of CBOM, which are optimal habitats for microbial processes 

and can lead to increased rates of ER (Aldridge et al. 2009, Newham et al. 2011). In these 

habitats it would be expected that water column sources of highly labile organic matter would 

not be a suitable source of C to benthic heterotrophic communities as coarse organic matter 

would be preferred, and therefore would not be related to patterns of chlorophyll a 

concentrations. In the present study, a large number of logs were present in the Roumalla 

vegetated and Gwydir non-vegetated reaches (see Chapter 2), which may explain the high rates 

of ER despite the large concentrations of chlorophyll a present. Alternatively, the hyporheic 

zone can have high rates of heterotrophic activity (Jones et al. 1995, Naegeli & Uehlinger 1997, 

Fellows et al. 2001) and the potential for hyporheic exchange of DO to occur can be enhanced 

in reaches with sandy bed substrates compared to those constrained by bedrock (Jones & 

Holmes 1996). The Roumalla vegetated and Gwydir non-vegetated reaches also had large 

sections of sandy substrates, which may also explain the inconsistencies in ER. Therefore, this 

suggests that benthic and/or hyporheic respiration may have contributed to whole-system 

rates of ER in these heterotrophic reaches, however, benthic rates of respiration would need to 

be measured separately to add further support to this suggestion.  

The results of this study also showed that five and nine of the ten reaches were net autotrophic 

with P/R ratios more than 1 during the low and no-flow periods, respectively. During the high-

flow periods, the P/R ratios decreased to less than 1 across all reaches, however, not all reaches 

were net heterotrophic. Similarly, a study of the recovery of ecosystem metabolism after flash 

flooding in the semi-arid intermittent stream, Sycamore Creek, also showed that P/R ratios 

were less than 1 immediately after flooding and then increased to more than 1 once discharge 

decreased to less than 0.25 m3 s-1 (Fisher et al. 1982). A study on the metabolism of an in-

channel waterhole of a dryland river in Queensland, Australia, also showed that the P/R ratio 

was more than 1 during periods of surface water fragmentation, however, metabolism during 

periods of connectivity were not reported (Fellows et al. 2007). There have been few other 
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studies reporting the shift in trophic state with changes in discharge in intermittent streams 

(but see Uehlinger 2000), therefore, the results of this study provide further evidence that 

ecosystem metabolism will shift from autotrophy to heterotrophy between periods of surface 

water fragmentation and connectivity.  

Hydrology 

The regression analyses showed that rates of GPP and ER were significantly negatively 

correlated with flow percentile within vegetated and non-vegetated reaches. Large increases in 

discharge have been shown to decrease rates of GPP through removing filamentous algae and 

macrophytes (Biggs 1995, Acuoa et al. 2011). Surface water velocities can also dilute 

phytoplankton and microbial biomass in addition to reducing growth rates (Mitrovic et al. 2003, 

Mitrovic et al. 2011). Reduced rates of GPP and ER have also been attributed to bed substrates 

becoming destabilised (Uehlinger 2000, Atkinson et al. 2008). In the present study, both 

macrophyte biomass and chlorophyll a decreased during the high-flow periods, and this reflects 

the decrease in rates of GPP among reaches. It was evident that in some reaches of the present 

study, channel beds that consisted of sand became destabilised during high-flow periods (see 

Chapter 4), while other reaches showed that channel bed areas that previously consisted of 

cobble became covered in sand and fine particles during these periods (see Chapter 4). As these 

physical changes can lead to organic matter and heterotrophic communities becoming 

smothered (Bunn 1988, Benfield et al. 2001, see Chapter 4), this may reflect the decrease in 

rates of ER during the high-flow periods in this study. These results offer further explanation for 

the lack of significant difference in GPP and ER rates between vegetated and non-vegetated 

reaches was because the rates had significantly decreased from the effects of increased 

discharge. 

During the high-flow periods, there was no consistent pattern in the rates of GPP or ER 

between and within vegetated and non-vegetated reaches. However, a larger decrease in rates 

of GPP compared to ER meant that eight of the 10 study reaches did shift towards heterotrophy 

during the high-flow periods. Other studies have also shown that there will be a shift to 

heterotrophy during and after high-flow events, which has been attributed to ER being more 
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resilient to the negative or disturbance effect of increased discharge (Uehlinger & Naegeli 1998, 

Uehlinger 2000). The differences in the resistance of GPP and ER processes during the high-flow 

events will additionally determine how resilient or the recovery of these processes are after the 

high-flow periods (Uehlinger 2000). However, because of the many different ways in which 

discharge can disturb rates of GPP and ER this adds further complexity as to how individual 

reaches will recover. For example, rates of ER may have been reduced in some reaches such as 

the Gwydir vegetated and Roumalla vegetated reaches, because of unstable bed substrates 

(Uehlinger 2000, Atkinson et al. 2008). In contrast, the decreased rates of ER within reaches 

that have cobble bed substrates may have been attributed to scouring from cobbles (Reid et al. 

2006). The inconsistent results of this study therefore reflect the complexity of the different 

ways in which discharge can affect reach-scale metabolism and the need to improve 

understanding of the relative contribution of habitats to overall stream metabolism. 

Methodology considerations 

The majority of published metabolism studies present the rates of GPP and ER in aerial units  

(g m-2 day-1), rather than volumetric units (mg L-1 day-1) as reported in this study. The use of 

aerial units can be for several reasons depending on the study. For instance, some studies may 

compare metabolic rates measured by benthic chambers to those determined for the water 

column (Fellows et al. 2006a, Oliver & Merrick 2006). Also, as this appears to be the more 

common way of presenting results, it may be easier for whole-ecosystem studies to convert to 

aerial units for comparison to the published literature. In other studies, whole-system rates of 

GPP and ER are converted to aerial units because water depths are less than 30 cm, therefore, 

the metabolic rates are largely attributed to the benthic community rather than the water 

column (Grace & Imberger 2006). As such, some studies will aim to standardise the rates of GPP 

and ER to benthic chlorophyll a or biofilm biomass, or alternatively, these related 

measurements will also be expressed in aerial units (Mulholland et al. 2001, Oliver & Merrick 

2006, Bernot et al. 2010). In this study, the average reach water depths at each reach ranged 

from 0.14 m during the low-flow period to 1.16 m during the high-flow periods, so it was 
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assumed that the change in DO can be assumed to be attributed to planktonic algae or 

macrophytes (which would affect water column changes) rather than benthic communities. 

Calculating the reaeration coefficient (K2) is an important part of separating the true metabolic 

flux of DO from that caused by natural turbulence and absorption. Comparative studies have 

shown that the most accurate method of calculating reaeration within a reach is through the 

use of volatile gas and conservative tracer techniques (Young & Huryn 1996). Reviews of 

empirical based methods based on oxygen-light records or hydrological variables such as the 

surface renewal method (SRM) used in this study, have shown that there can be large variation 

in the calculated reaeration coefficients (Cox 2003, Iwata et al. 2007, Aristegi et al. 2009). 

However, empirical based calculations based on hydrological variables have been used as 

surrogate methods to calculate reaeration coefficients in many studies that have used the 

tracer-gas as their primary method, including a study on the role of geomorphology on stream 

metabolism (Bott et al. 2006), or to assist building reaeration coefficient regression models over 

different discharges (Mulholland et al. 2001, Ortiz-Zayas et al. 2005). Similarly, empirical 

calculations using hydrological variables were used by McTammany et al. (2003) in their study 

of longitudinal patterns of ecosystem metabolism along a 37 km stretch of the Little Tennessee 

River, North Carolina, salt injections were used to give greater accuracy to stream velocity or 

travel time, rather than the less accurate method of recording velocity at stream transects with 

a current meter. The energy dissipation method (EDM) is another empirical based technique 

based on hydrological variables (Grace & Imberger 2006). The suitability of the EDM over the 

‘dome’ method (Copeland & Duffer 1964) for water bodies with higher turbulence is best 

shown in a study of the response of ecosystem metabolism to restoration (Colangelo 2007). 

Prior to restoration, the river system was considered lentic, so the best suited method was the 

‘dome’ method, while the EDM was used post restoration due to the switch to a lotic system 

and therefore, a more turbulent system (Colangelo 2007). Although it is acknowledged that 

using volatile gas and conservative tracer injections to estimate K2 provides the most accurate 

measurements, this method was not feasible due to the remote location of the streams and 

cost of equipment. Using oxygen-light based equations requires detailed records of the diel 

change in DO (Kosinski 1984, Chapra & Di Toro 1991) which were not present for these study 
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reaches. As the sampling periods occurred over different discharges, it was more likely that the 

change in hydrological variables would be stronger drivers of reaeration rather than light 

attenuation, within these study reaches. The significant effect of hydrology on nutrient 

concentrations (see Chapter 3) and benthic organic matter (see Chapter 4) mass offers further 

support for this suggestion. The SRM method used in this study was selected as the preferred 

technique over the EDM method because it was more suited to the hydrological conditions 

(surface water depth and velocity) found within the present study reaches (Grace & Imberger 

2006). 

In contrast to benthic chamber techniques, the open-system two-station technique for 

determining rates of ecosystem metabolism cannot provide an estimate of within reach 

variance. This means that there is a limited capacity to interpret ambiguous data as thoroughly 

as the chamber methods (Grace & Imberger 2006). This issue with ambiguity is evident from 

data collected from the Gwydir non-vegetated reach during September where no metabolic 

parameters could be calculated due to measurements having large variation between the 15 

minute logging percentiles, which meant no linear curve could be confidently fitted (r2 less than 

0.90). The aim of the present study was to determine if whole-reach ecosystem metabolism 

was different between vegetated and non-vegetated reaches, therefore it was necessary to 

employ the open-system two station technique. Furthermore, as opposed to a single-station 

method, the two-station technique allowed for the change in metabolic rates measured to be 

ascribed to within each reach (Grace & Imberger 2006). 

Effects of vegetation and hydrology on functional groups 

Macrophytes 

There was a significant negative effect of riparian vegetation on macrophyte biomass, with the 

largest difference between vegetated and non-vegetated reaches occurring during the low and 

no-flow periods. Other studies have shown similar results of increased biomass of submerged, 

semi-submerged and emergent macrophytes with decreasing riparian vegetation (Canfield & 

Hoyer 1988, Fletcher et al. 2000, Julian et al. 2010). The enhanced biomass and growth was 

attributed to an increase in light or PAR reaching the streambed (Canfield & Hoyer 1988, 
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Fletcher et al. 2000, Julian et al. 2010). A study in a second-order stream in central Wisconsin, 

USA, showed that a three-fold increase in PAR in non-forested reaches resulted in a four-fold 

increase in submerged macrophyte biomass compared to forested reaches (Julian et al. 2010). 

In addition to the change in riparian vegetation, the increase in PAR reaching non-forested 

reaches was also attributed to a wider stream channels (Julian et al. 2010). In the present study, 

the amount of light (measured as lumens m-2) was significantly higher and channels were also 

wider within non-vegetated reaches compared to vegetated reaches. This suggests that the 

increase in light reaching the streams due to decreased riparian vegetation and channel width 

has led to increased macrophyte biomass in these agricultural streams.  

It is important to note that different sampling methods were used to estimate biomass 

between the low and no-flow periods with the high-flow periods. The high-flow events meant 

that part of the channel could not be sampled due to safety concerns and high concentrations 

of TSS meant that visual observations could also not occur. Unfortunately this means that 

macrophyte biomass may have been underestimated during the high-flow periods, however, 

the large difference in biomass between vegetated and non-vegetated reaches during the low 

and no-flow periods still provides evidence of the significant effect of vegetation on biomass. 

The largest total macrophyte biomass was present within the non-vegetated reaches during the 

low and no-flow periods and decreased during the high-flow periods. Many other studies have 

shown that increases in surface water velocity and discharge can decrease macrophyte biomass 

and in some cases shoot density (see review by Carr 1997). Although there was a general 

decrease detected in this study, there was no significant linear effect of hydrology on 

macrophyte biomass or correlations using a non-linear analysis with other hydro-geomorphic 

variables. However, most submerged macrophyte species exhibit seasonal growth, which 

means that their biomass would be reduced during their period of senescence, and therefore 

the effects of hydrology may not be relevant during these periods (Dawson 1976, Clarke 2002). 

During the low and no-flow period in this study, the dominant macrophytes were submerged 

species (see Appendix 6), which suggests that changes in hydrology during the high-flow 

periods could not have a strong affect on biomass due to their growth characteristics.  
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Chlorophyll a 

The chlorophyll a concentrations present in the study reaches ranged between 1.2 to 195 μg L-

1, which are up to 39 times the suggested concentration of 5 μg L-1 for slightly disturbed 

lowland rivers and streams in southeastern Australia (ANZECC 2000). No chlorophyll a 

concentrations have currently been set for temperate upland streams in Australia. Another 

study on the Gwydir River downstream of the major water storage, Copeton Dam, pelagic 

chlorophyll a concentrations have ranged between 4 and 16 μg L-1 (Hadwen et al. 2010). An 

experimental study of plankton limitation in the nearby lowland Namoi River, Australia, showed 

that pelagic chlorophyll a concentrations ranged from 14.23 μg L-1 in summer to 4.37 μg L-1 in 

winter (Westhorpe et al. 2010). The study found that an increase in inorganic nutrients and 

glucose increased pelagic chlorophyll a concentrations to 120 μg L-1 in summer to 70 μg L-1 in 

winter (Westhorpe et al. 2010). Although concentrations of NOx in the reaches used in this 

study were below detection limits on most occasions, the concentrations of SRP were up to 18 

times higher than the suggested concentration of 15 μg L-1 for slightly disturbed upland streams 

in southeastern Australia (ANZECC 2000). This indicates that high nutrient availability has led to 

increased algal growth and suggests that streams in the upper Gwydir River catchment have 

been impacted by agricultural practices.  

In this study, there was no significant effect of vegetation on pelagic chlorophyll a 

concentration and the results do not support the study predictions. Most of the published 

literature for upland or small streams has focused on the significant negative effects of riparian 

vegetation on benthic autotrophic production (Sabater et al. 2000, Mulholland et al. 2001, 

Mosisch et al. 2001, Fellows et al. 2006a, Hagen et al. 2010), as the benthic community is 

assumed to be the main contributor to whole-ecosystem GPP. Although it has been suggested 

that the effects of riparian vegetation will have similar effects on phytoplankton productivity 

(Dodds & Welch 2000), there appears to be only a single study that has investigated the effects 

of riparian vegetation on phytoplankton in streams (Vähälato et al. 2005). The study focussed 

on the absorption of PAR by phytoplankton throughout the Neuse Basin, an agricultural area of 

North Carolina, USA, and showed that the interaction riparian shading and short flushing times 
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could reduce phytoplankton production in streams (Vähälato et al. 2005). Their study only had 

a single sampling period during autumn and the system was not considered to be nutrient 

limited (Vähälato et al. 2005). In this study, with the exception of the Roumalla vegetated 

reach, the chlorophyll a concentration was slightly higher within the non-vegetated reaches 

during the low-flow period. This suggests that during low-flow conditions riparian vegetation 

can reduce chlorophyll a concentrations within some reaches, and also highlights the need for 

repeated sampling in studies. Additionally, as the reaches in this study are N-limited, this may 

have also contributed to the overall non-significant difference between vegetated and non-

vegetated reaches.  

Discharge had a negative effect on mean chlorophyll a concentrations and as such, there was 

little difference in concentrations between vegetated and non-vegetated reaches during this 

period. The significant effect of discharge on chlorophyll a concentrations is similar to other 

studies in temporary streams, but these studies have looked at the effects on biofilm 

communities rather than pelagic communities (Uehlinger & Naegeli 1998, Biggs et al. 1999, 

Acuoa et al. 2004). However, increased flows in larger regulated rivers have also been shown to 

negatively affect phytoplankton growth (Webster et al. 2000, Mitrovic et al. 2011). The 

significant effect of hydrology in this study could suggest that discharge is more important in 

controlling autotrophic growth than shading by riparian vegetation.  

Correlation of hydro-geomorphic and biochemical variables to metabolic parameters 

In the context of temporary-river ecology, the largest variation in the rates of GPP and ER 

between all reaches was expected to occur during the no-flow period (Larned et al. 2010). From 

the results it is hard to determine when the most variation occurred between reaches on the 

same stream as this was not consistent in either the low and no-flow periods. However, during 

the low and no-flow periods the magnitude of variation was greater than during the high-flow 

periods, but this resulted from the low metabolic rates during the high-flow periods.  

As previously discussed, hydrology was found to have a significant negative effect on the rates 

of GPP and ER. In addition, step-wise multiple regression analyses showed that flow percentile 

was most correlated with GPP at both the vegetated and non-vegetated reaches, and also with 



Chapter 6: Ecosystem metabolism 

294 

 

ER at the vegetated reaches.  The multiple regression models showed that DOC:SRP ratio also 

explained 14.8% of the variation in GPP within the non-vegetated reaches. During the high-flow 

periods, the concentration of SRP decreased (see Chapter 3). The decrease in SRP concentration 

caused an increase in the stoichiometric balance of DOC:SRP  and led to ratios higher than the 

Redfield ratio of 100:1 (Redfield 1958), which could be limiting to autotrophic growth (Guasch 

et al. 1995, Tank & Dodds 2003, Westhorpe et al. 2010). Therefore, the results suggest that the 

increased DOC:SRP ratios during the high-flow periods could negatively affect GPP through 

nutrient limitation within the non-vegetated reaches.   

Within the vegetated reaches, rates of ER were most correlated with flow percentile, xylo 

activity and temperature, while the concentration of TN was most correlated with ER at the 

non-vegetated reaches.  Although the presence of high-molecular weight xyloside substrates 

can lead to higher ER activity (Tolunen et al. 1992), there was actually a decrease in ER when 

xylo activity increased during the high-flow periods in this study. A number of studies that have 

shown the negative effect of increased discharge on ER attributed to reduced habitat or 

substrate availability (Uehlinger 2000, Acuña et al. 2004, Atkinson et al. 2008). This implies that 

in this study, the effects of increased discharge had a disturbance effect on overall 

heterotrophic activity, and therefore may have masked any effects arising from the change in 

DOC quality. Therefore, given that the direction of the correlation was not as expected, this 

suggests that xylo activity is not independent from ER within the vegetated reaches.  

Similarly, rates of ER and TN concentration within the non-vegetated reaches were negatively 

correlated. Increases in nitrogen have shown to lead to increased rates of ER in similar streams 

(Benstead et al. 2009). However, although the study reaches were shown to be N-limited and 

both rates of ER and TN concentration were shown to decrease with increased discharge, the 

total load of TN imported to reaches increased during these high-flow periods (see Chapter 3). 

This suggests that there was also a lack of independence between rates of ER and TN 

concentration rather than a meaningful ecological relationship. However, this does also suggest 

the importance of hydrology in driving the rates of ER in both the vegetated and non-vegetated 

reaches. 
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6.5 Summary 

There were no significant effects of the presence of riparian vegetation on whole-system GPP 

or ER. Both GPP and ER rates were significantly affected by hydrology and decreased during the 

high-flow periods. There was a trend in some treatment streams between February and May, 

where GPP rates at the Gwydir and Roumalla vegetated reaches decreased and their paired 

non-vegetated reaches increased. The NEP estimates showed that three vegetated and two 

non-vegetated reaches were net heterotrophic during February, the low-flow period. During 

May, the no-flow period, nine of the ten reaches were autotrophic, while there was no clear 

pattern in trophic state within vegetated and non-vegetated reaches during September and 

November, the high-flow periods.  

There was a significant negative effect of vegetation on in-stream macrophyte biomass, which 

was attributed to the increased amount of light reaching the non-vegetated reach channels. 

The largest macrophyte biomasses were present at the non-vegetated reaches during May, the 

no-flow period, however, there were no significant correlations between macrophyte biomass 

and hydro-geomorphic variables.  

There were no significant differences in chlorophyll a concentrations between vegetated and 

non-vegetated reaches. Chlorophyll a concentrations were significantly affected by hydrology, 

and the largest variation in concentration between vegetated and non-vegetated reaches 

occurred during February and May. Despite the large chlorophyll a concentrations present, the 

rates of C-fixation were considered very low compared to those reported in the literature, 

which suggests that autotrophic production was being limited or disturbed in some way.  
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Chapter 7: Synthesis 

7.1 Introduction 

Biogeochemical processes represent the mass-balance and cycling of nutrients within aquatic 

ecosystems. Reach-scale riparian revegetation is a commonly used technique in stream 

restoration often aimed at returning ecosystem processes such as nutrient and organic matter 

cycling to a more natural condition. Measuring the response of these processes to restoration is 

important as they provide an understanding of fundamental ecosystem functions that support 

stream foodwebs rather than inferring process-level responses from the return of structural 

habitats (Ryder & Miller 2005). The role of the riparian zone in regulating organic matter and 

nutrient dynamics in streams has been the focus of much research; however the influence of 

the riparian zone on longitudinal transport and retention processes is far less understood. 

Riparian revegetation techniques often aim to increase nutrient and organic matter retention 

through increasing organic matter input and enhancing retention through increased 

geomorphic complexity (Bernhardt & Palmer 2011). Within stream reaches, nutrient and 

organic matter retention can occur through abiotic processes such as physical entrainment by 

protruding features (Quinn et al. 2007), or through biotic processes including heterotrophic 

uptake (Aldridge et al. 2009). As the rates of different biogeochemical processes can vary with 

channel geomorphology and hydrology, it is necessary to explore their effects and interactions 

with riparian vegetation, particularly in intermittent streams where discharge can vary from 

floods to cease-to-flow events over relatively short timeframes. 

The main aim of this study was to explore the biogeochemistry of vegetated and non-vegetated 

reaches within agricultural intermittent streams in the upper Gwydir River catchment, 

Australia. Understanding channel complexity is an integral part of quantifying biogeochemical 

processes in streams. I used on-ground surveying techniques to develop high-resolution DEMs 

and spatially explicit habitat maps to identify channel morphology and key geomorphic features 

such as flood debris accumulation points and wetted area that can influence organic matter 

and nutrient retention (Chapter 2). The channel parameters derived from the DEMs allowed 

reach-scale hydrologic models to be constructed to produce nutrient and organic matter mass-
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balances (Chapters 2, 3 and 4). The quantity and quality of organic matter can play a pivotal 

role in the nutrient retention and stoichiometry (Aldridge et al. 2009, Gibson & O’Reilly 2012). I 

quantified reach-scale nutrient and organic matter mass-balances to identify differences in 

organic matter retention between vegetated and non-vegetated reaches, and to explore the 

relationship with nutrient stoichiometry and retention under different hydrological conditions 

(Chapter 3 and 4). As rates of organic matter breakdown can affect organic matter retention 

(Webster et al. 1999), I conducted a litterbag experiment with Casuarina cunninghamiana 

needles, the dominant riparian vegetation species in the study streams, to explore the 

difference in rates and biophysical drivers of organic matter breakdown between vegetated and 

non-vegetated reaches (Chapter 4). The quality of organic matter is largely determined from its’ 

source and can alter rates of reach-scale heterotrophic respiration and nutrient retention 

(Findlay & Sinsabaugh 1999); therefore, extracellular enzyme techniques were used to 

determine dominant sources of DOC regulating heterotrophic metabolism (Chapter 5). Rates of 

dominant extracellular enzyme activities were linked to metabolic processes measured using an 

open-system technique to estimate daily rates of whole-reach GPP, ER and net C-fixation 

(Chapter 6).  

This final chapter synthesises the main research findings to advance the conceptual 

understanding of dominant biogeochemical processes in vegetated and non-vegetated reaches 

of intermittent streams. I also address the advantages and limitations to the study design used 

in this thesis and discuss the implications of this study for future restoration projects.  

7.2 Riparian vegetation  

In this study, the presence of riparian vegetation did not consistently increase the geomorphic 

complexity of reaches. There was no consistent difference in the amount of logs present 

between vegetated and non-vegetated reaches but there were some differences in the types of 

other geomorphic features present. Flood debris accumulation points were only present within 

vegetated reaches, while there were a larger number of macrophyte beds found within non-

vegetated reaches. It was also evident that non-vegetated reaches had larger wetted areas, 

particularly during periods of surface flow connectivity. The larger wetted areas meant that the 
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surface area:volume ratio and surface water velocities were lower within the non-vegetated 

reaches. As geomorphic complexity and physical channel parameters can regulate organic 

matter and nutrient retention (Acuoa et al. 2004, Brookes et al. 2005, Aldridge et al. 2009), 

there is potential for differences in biogeochemical processes between vegetated and non-

vegetated reaches.   

Potential differences in reach scale nutrient retention or nutrient stoichiometry were not 

evident in this study. Increased wetted area and lower surface area:volume ratios have been 

shown to increase rates of abiotic and biotic nutrient uptake, and therefore decrease nutrient 

spiraling lengths (Aldridge et al. 2009). An increase in the number of geomorphic features and 

therefore channel complexity, have also been shown to enhance nutrient retention (see 

Brookes et al. 2005). In this study, hydro-geomorphic parameters were not correlated with the 

retention and/or export of DOC, TN, TP and NOx in any reaches. The exception was the 

correlation of SRP retention with surface area:volume ratio and wetted area within the non-

vegetated reaches, with larger SRP loads being retained when surface area:volume ratio 

decreased and wetted area increased. Although increases in wetted area have been associated 

with increased heterotrophic activity such as organic matter decomposition (Boulton 1991, 

Langhans & Tockner 2006), the decreased rates of GPP and ER during the high-flow periods 

meant that there would have been an actual decrease in biotic demand. Unchanged rates of AP 

enzyme activity provide further evidence that an increase in SRP retention at non-vegetated 

reaches was not due to an increase in heterotrophic activity. However, the significant 

correlation still provides support for the suggestion the increases in wetted area can lead to an 

increase in SRP retention within some reaches.  

The C:nutrient ratios and nutrient enrichment experiments identified that autotrophic 

production was consistently N-limited. Nutrient spiraling concepts suggest that there will be an 

increase in biotic nutrient uptake if biota are limited by a particular nutrient (Newbold et al. 

1981, Fisher et al. 1998). The nutrient mass-balances showed that most reaches retained NOx 

during the majority of flow conditions, which supports this concept. During the first high-flow 

sampling period, there was an increase in the quantity of NOx retained within several of the 
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vegetated reaches. This may be in part due to an increase in imported load of NOx within all 

study reaches at this time. The increase in NOx loads imported from upstream reaches during 

the first high-flow period are linked to a concomitant decrease in reach-scale biotic demand, as 

shown by the reduced rates of GPP and ER during these periods (Fellows et al. 2006b). 

Therefore, the results of this study support the suggestion that nutrients are more likely to be 

retained within reaches if biota are limited by the particular nutrient. 

Reaches with riparian vegetation did not have a larger total mass of FBOM or CBOM measured 

as aerial units or whole-reach scales. This is in contrast to the findings of many other studies 

that have compared organic matter mass between vegetated and non-vegetated reaches (Reid 

et al. 2008, Gilling et al. 2009, Watson & Barmuta 2010).  Vegetated reaches are often thought 

to have larger CBOM masses because there is a larger input of allochthonous organic matter 

(Campbell et al. 1992, Sabater et al. 2000, Reid et al. 2008) in addition to a greater capacity to 

retain organic matter through increased geomorphic complexity (James & Henderson 2005, 

Watson & Barmuta 2010). The results of this study have demonstrated no significant difference 

in FBOM or CBOM imported or retained between vegetated and non-vegetated reaches. 

However, as there were different geomorphic features present between vegetated and non-

vegetated reaches, the biophysical processes leading to organic matter retention varied 

between reaches. The experimental organic matter releases were able to show that the flood 

debris accumulation points and bank edges were important in retaining organic matter in 

vegetated reaches, while the macrophyte beds and pools were important for retaining organic 

matter in non-vegetated reaches. While the results showed that these different structures are 

performing the same function it is important to note that the impact of disturbance may not act 

equally on the different structures. For example, macrophyte beds may be more easily 

disturbed (removed) compared to flood debris accumulation points by floods (Carr 1997), 

which suggests that organic matter retention may not be the same over time. Increased benthic 

organic matter has been shown to increase the rate of nutrient retention through enhanced 

heterotrophic activity (Aldridge et al. 2009). However, there was no effect of riparian 

vegetation on rates of organic matter breakdown demonstrating that the organic matter 

retained within the vegetated and non-vegetated reaches will undergo similar rates of 
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breakdown. The lack of significant difference in organic matter mass and rates of breakdown 

between vegetated and non-vegetated reaches was also reflected in the no differences in other 

reach-scale ecosystem functions such as nutrient stoichiometry, nutrient retention and 

metabolic rates. These findings do not support the current predictions that riparian vegetation 

will increase benthic organic mass within reaches, as non-vegetated reaches are still able to 

retain imported organic matter through different biophysical processes.  

Trees that grow in the riparian zone can provide shade over stream channels (Gregory et al. 

1991), which may lead to reduced autotrophic growth (Bunn et al. 1999, Fellows et al. 2006a, 

Julian et al. 2010). In addition to the increase in the surface area of macrophyte beds as 

geomorphic features, there was also an increase in macrophyte biomass found within the 

wetted channel at non-vegetated reaches, which is similar to the findings of other studies 

(Bunn et al. 1998, Julian et al. 2010). The difference in macrophyte growth is most likely 

attributed to an increase in the amount of light reaching the channels, larger wetted channel 

areas and low surface water velocities (Canfield & Hoyer 1988, Bunn et al. 1998, Julian et al. 

2010). Structural changes to macrophyte biomass and distribution were reflected in the 

increased β-glu activity within the non-vegetated reaches, indicating that macrophytes are 

providing an important (and different) source of DOC to heterotrophic communities within the 

non-vegetated reaches. In some intermittent streams, the high-quality low-molecular weight 

DOC can become limiting to heterotrophs during periods of surface water fragmentation, which 

causes the heterotrophic communities to switch to high-molecular weight DOC that is lower in 

quality (Ylla et al. 2010). In this study, the activity of both β-glu and α-glu during these periods 

meant that high-quality DOC was not limiting to heterotrophic metabolism in disconnected 

pools. These results provide evidence that riparian vegetation can alter the metabolic pathways 

contributing to GPP and therefore the sources of DOC available to heterotrophic communities 

between vegetated and non-vegetated reaches. 

Despite the significant difference in macrophyte biomass, there were no significant effects of 

riparian vegetation on rates of whole-system GPP and ER, which is in contrast to many other 

studies that show increased rates of GPP with decreasing riparian vegetation (Sabater et al. 
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2000, Fellows et al. 2006a, Clapcott & Barmuta 2010). Rates measured in this study were within 

the lower range suggested for upland streams of 0.2 to 50 mg L-1 day-1 and the rates of ER were 

lower than the suggested range of -8 to -100 mg L-1 day-1 (see Grace & Imberger 2006). 

Similarly, the low rates of GPP and ER also led low rates of net-C fixation within both the 

vegetated and non-vegetated reaches. These rates are surprising given that the chlorophyll a 

concentrations were relatively high, ranging between 0.009 and 0.195 mg L-1 during the low 

and no-flow periods, and between 0.001 and 0.004 mg L-1 during the high-flow periods. This 

may suggest that metabolic rates are being limited or disturbed in some way. Furthermore, the 

mass-balance results for chlorophyll a showed that these high concentrations meant large loads 

of phytoplankton were being longitudinally transported through both vegetated and non-

vegetated reaches. It would be expected that these large concentrations would lead to all 

reaches being autotrophic, however, the net-C fixation rates indicated that three vegetated and 

two non-vegetated reaches were heterotrophic. These results indicate that the presence of 

riparian vegetation at the reach-scale may not always significantly lower rates of GPP or 

increase rates of ER to produce heterotrophic systems, particularly if the rates of GPP and ER 

are already low within the reaches. The low rates of GPP and ER within both the vegetated and 

non-vegetated reaches may also suggest that other parameters that are not controlled through 

riparian vegetation may have more influence over reach metabolism.   

Previous studies have suggested that riparian vegetation will lead to increased biogeochemical 

cycling of key elements within reaches. It is currently understood that this increase in cycling 

will be reflected in an increase in organic matter and nutrient retention attributed to enhanced 

channel geomorphic complexity and lead to higher C:nutrient ratios within reaches. In addition, 

the presence of riparian vegetation is thought to produce heterotrophic systems through 

lowering rates of GPP and increasing rates of ER. The results of this study show that riparian 

vegetation can alter the channel morphology and the types of geomorphic features present 

within reaches. However, these differences do not lead to increased organic matter or nutrient 

retention and therefore, higher C:nutrient ratios at reach scales in these intermittent streams. 

This study further shows that although the presence of riparian vegetation can reduce the 
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abundance of emergent and submerged macrophytes, this will not always alter the rates of 

metabolism or trophic state within reaches.  

7.3 Hydrology 

Changes in hydrology can create new and different habitats that are linked to biogeochemical 

processes including nutrient and organic matter retention (Brookes et al. 2005, Quinn et al. 

2007, Larned et al. 2010). In this study, the wetted area inundated at each reach increased with 

discharge leading to lower surface area:volume ratios. The increase in wetted area also meant 

that a larger number of geomorphic features were inside the wetted perimeter of the main 

channel at some reaches. In the vegetated reaches, these features were predominantly flood 

debris accumulation points while at non-vegetated reaches the increased discharge meant that 

macrophyte beds became inundated. The whole-reach estimates of CBOM and FBOM showed 

that there was no clear pattern as to whether the increased wetted area with discharge led to 

an increase or decrease in CBOM and FBOM masses within either the vegetated or non-

vegetated reaches. Other studies focused on the effects of discharge on CBOM and FBOM at 

the aerial unit scale in intermittent streams have found similar results (Gurtz et al. 1988, 

Boulton & Lake 1992), while others have shown a general decrease with increased discharge 

(Acuoa et al. 2004). Increases in discharge led to an increase in the magnitude of COM and FOM 

imported to reaches. However, these increases did not always lead to increased retention 

within the reaches.  This complexity could stem from increases in water height changing the 

capacity of submersed geomorphic features to intercept and retain transported organic matter. 

Some geomorphic features may also reach a threshold in the quantity of organic matter 

retained (Jones 1997, Quinn et al. 2007), therefore causing more organic matter to be exported 

from some reaches. Furthermore, organic matter that has been previously retained within 

reaches may be resuspended with increased surface water velocities and exported from 

reaches. Therefore, the results suggest that although changes in hydrology will lead to new and 

different habitats being inundated and increases in discharge can transport larger organic 

matter loads to reaches, this will not necessarily lead to an increase in the amount of organic 

matter retained or stored within reaches.  
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Organic matter that is retained within reaches will undergo biotic and abiotic breakdown 

processes (Webster et al. 1999). At reach-scales, increased heterotrophic respiration has been 

related to increased benthic organic matter mass (Acuoa et al. 2004, Aldridge et al. 2009). In 

this study, some of the largest quantities of benthic organic matter were present during the 

high-flow periods, however, the rates of ER actually decreased during these sampling periods. 

The litterbag experiments in this study found that the abiotic process of fragmentation by 

increased surface water velocities was found have a significant negative effect on organic 

matter breakdown, particularly within vegetated reaches. Other studies have found similar 

negative relationships between surface water velocities and the breakdown of organic matter 

(Heard et al. 1999, Lepori et al. 2005, Hoover et al. 2006). The litterbag experiment also 

indicated that large surface water velocities and unstable bed substrates led to organic matter 

being smothered by inorganic material. These results indicate that hydrology and the 

interaction with channel geomorphology will be important in determining the fate of organic 

material that is retained within vegetated and non-vegetated reaches and that increases in 

organic matter present within reaches will not always lead to increased rates of ER at reach-

scales.  

Increases in discharge and wetted area have been shown to transport large quantities of 

allochthonous DOC to streams, which can alter the dominant sources of DOC available to 

heterotrophic communities (Ylla et al. 2011). The extracellular enzyme analyses showed that 

during the low and no-flow periods the main sources of DOC available to heterotrophs were 

high-quality low-molecular weight DOC from allochthonous and autochthonous sources, while 

during the high-flow periods the DOC pool was dominated by low-quality high-molecular 

weight substrates from allochthonous sources. The rate of ER can change with the quality of 

DOC available, with high-molecular weight DOC increasing the rates of ER (Tulonen et al. 1992, 

Gibson & O’Reilly 2012). However, the results of this study showed that the rates of ER did not 

increase during the high-flow periods when high-molecular weight DOC was present in this 

study. This suggests that although the increase in discharge did lead to a change in the 

dominant sources of DOC (which agrees with the findings of other studies), this shift in DOC 
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quality did not have an effect on the heterotrophic activity within vegetated or non-vegetated 

reaches.  

The quantity of nutrients available to biota can also increase the rates of GPP and ER within 

reaches (Rier & Stevenson 2002, Benstead et al. 2009, Sabater et al. 2011). In this study, there 

was an increase in the total quantity (i.e. load) of nutrients transported to reaches during the 

high-flow periods. However, the rates of GPP and ER decreased within both the vegetated and 

non-vegetated reaches during these high-flow periods. This negative effect of discharge has 

also been shown for similar metabolism studies (Fisher et al. 1982, Uehlinger et al. 2000, Acuoa 

et al. 2011). The decrease in rates of GPP and ER were likely to be attributed to a decrease in 

the algal and macrophyte production, as discharge also had a negative impact on chlorophyll a 

concentration and macrophyte biomass. These results indicate that discharge has a disturbance 

effect on the autotrophic community and that hydrology plays an important role in controlling 

the rates of GPP and ER through decreasing autotrophic production, regardless of the increase 

in nutrient availability. 

Despite the mass-balance estimates showing that there were larger loads of nutrients being 

transported through reaches during the high-flow periods, the nutrient surveys actually showed 

that there was a decrease in the concentration across all reaches. This indicates that there was 

a dilution effect of increased discharge on surface water nutrient concentrations and is similarly 

to other studies on the effects of discharge on nutrient dynamics (Triska et al. 1990, Dent & 

Grimm 1999). In many regulated systems, flow releases are used to decrease autotrophic 

growth through diluting nutrient concentrations (Mitrovic et al. 2003, Ryder & Vink 2007, 

Mitrovic et al. 2011). In this study, although there was a negative effect of increased discharge 

on the rates of GPP, ER and net C-fixation when estimated at the volumetric unit scale, the 

whole-reach estimates showed that the rates of C-fixation and consumption were up to 5000 

times higher during the high-flow periods compared to low-flow periods. Similarly, the 

concentration of chlorophyll a decreased but the mass-balance estimates showed that there 

was an increase in the transported chlorophyll a loads across all reaches during the first high-

flow period. Although this initial increase in the chlorophyll a loads may indicate an initial 
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‘flushing’ effect of discharge within the reaches (Triska et al. 1990), the whole-reach estimates 

of C-fixation and consumption show that the dilution of nutrients was not having an effect on 

the rates of metabolism within the reaches. The results also adds further support for the above 

suggestion that the physical disturbance of hydrology may have a greater impact on metabolic 

rates than biochemical parameters such as nutrient concentration in these unregulated 

systems.  

In contrast to the dilution effect of increased discharge on nutrient concentrations and 

metabolic rates, the rates of EEA did not differ in magnitude between the low and high-flow 

periods, which highlights a potential limitation of using EEA to infer rates of heterotrophic and 

autotrophic activity. As rates of ER decreased during the high-flow periods at the volumetric 

unit scale it would be assumed that there would also be a concurrent decrease in rates of EEA, 

which was not the case in this study. Additionally, the rates of EEA in the present study were 

very high in comparison to those reported in other studies, which would suggest that the rates 

of ER would also be much higher; however, the ER rates were found to be very low (see Grace 

& Imberger 2006). In this study, the enzyme activities analysed were from a dissolved surface 

water fraction, which shows the activity of ‘free’ extracellular enzymes (i.e. not attached to 

microbial seston). This suggests that the activity of these enzymes may be not be released by 

the microbes when required for hydrolysis, but instead the enzymes may just be present within 

the water column (Boon 1990). These results indicate that rates of ER in conjunction with EEA 

need to be measured to gain an accurate understanding of metabolic processes within reaches.  

During the low and no-flow periods, there was larger variation in the mean nutrient 

concentrations and stoichiometry between reaches in comparison to the higher flows. This 

finding agrees with the predictions of temporary-river ecology, which suggests that reaches will 

become more heterogeneous as surface water contracts into fragmented pools (Stanley et al. 

1998, Dent & Grimm 1999, Larned et al. 2010). It was also predicted that the effects from 

riparian vegetation would drive the differences in nutrient stoichiometry, and this would be 

through increased heterotrophic respiration associated with larger quantities of allochthonous 

organic matter at vegetated reaches. However, from the net C-fixation estimates and P/R 
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ratios, the dominant metabolic processes within both the vegetated and non-vegetated reaches 

appeared to be autotrophic production rather than respiration processes relating to 

allochthonous organic matter dynamics. This was supported by the results of the enzyme 

analyses, which showed that the dominant sources of carbon were from autochthonous 

sources. These results suggest that the contribution of coarse organic matter from riparian 

vegetation is not the dominant process regulating nutrient stoichiometry during periods of 

surface water fragmentation. Additionally, although there appeared to be no significant effect 

of riparian vegetation on the rates of GPP and ER, the results did show that riparian vegetation 

had a significant negative effect on macrophyte biomass. As macrophytes require nutrients for 

growth and contribute to DOC pools within reaches (Clarke 2002), this suggests that 

macrophyte communities may be important in regulating C:nutrient stoichiometry in non-

vegetated reaches during low and no-flow periods. Furthermore, these results support the 

suggestion that the dominant biogeochemical processes between reaches will be more 

heterogeneous and reach-scale parameters such as riparian vegetation will become more 

important in driving these different processes during the low and no-flow periods. 

7.4 Advantages and limitations of study design 

There was no consistent pattern in the retention of nutrients or organic matter at reach-scales 

within and between vegetated and non-vegetated reaches. It is important to acknowledge that 

patterns of nutrient and organic matter retention may not exist and that the data from this 

study is accurate. However, there may also be several reasons as to why this study failed to 

detect any patterns. Firstly, the lack of significant difference in nutrient retention between 

vegetated and non-vegetated reaches is similar to recent findings for reach scale 

(approximately 200 m) restoration projects using channel configuration in North America 

(Filoso & Palmer 2011, Sudduth et al. 2011). From the findings of these studies, it was 

suggested that reach-scale nutrient retention processes may be masked by larger catchment-

scale issues (Bernhardt & Palmer 2011). This suggests that it is difficult to measure and detect 

an effect of reach scale vegetation in such an altered landscape, and particularly during high-

flow periods. However, if restoration projects are going to focus at the reach scale, then sub-
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reach scale drivers of retention such as physical entrainment by protruding geomorphic 

features or biotic uptake also need to be explored. In addition, although the vegetated reaches 

used in this study were not the direct result of revegetation, extensive surveying of the area did 

show that these reaches were a true representation of ‘vegetated’ areas within the area and 

the length that is commonly fenced and revegetated in restoration projects in the study system 

and more broadly (Bernhardt et al. 2005, Williams et al. 2011).  

Significant differences in nutrient stoichiometry have been found in several studies comparing 

the effects of vegetation at the catchment (watershed) scales. The seminal study by Likens et al. 

(1970) found that the nitrogen export was 14 to 15 times higher from a deforested catchment 

compared to a forested catchment within the Hubbard Brook Experimental Forest and was 

attributed to an increase in soil nitrification processes. A study of the effects of forest 

succession after deforestation on in-stream biogeochemical processes was also investigated at 

catchment scales in North Carolina, USA (Vallet et al. 2002). Although the study used solute 

injections to quantify rates of nutrient uptake rather than total in-stream retention, the study 

still found that there were significant differences between catchments related to forest age 

(Vallet et al. 2002). Studies that have compared the export of nutrients between streams 

draining pine forests and pasture dominated catchments have also found an increase in 

nutrient export and has been attributed to a combination of increased input and decreased in-

stream retention (Quinn & Stroud 2002, Vink et al. 2007). In combination with the non-

significant results of nutrient stoichiometry and retention found in this study, this suggests that 

revegetation and fencing needs to occur at scales larger than 100 m reaches to achieve 

significant increases in nutrient retention and other biogeochemical processes. However, it is 

also important to note that C. cunninghamiana trees can be easily fragmented, which may 

mean that the reaches used in this study may naturally have little capacity to retain nutrients. 

Additionally, the lack of significant difference in nutrient stoichiometry or retention detected 

between reaches during the flow periods may also be attributed to the movement of water. 

When water is transported through reaches, the effects of surrounding environmental 

parameters such as riparian vegetation may not be detected until further downstream (Thorp & 

de Long 1994). This suggestion introduces the problem of temporal and spatial scale because it 
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is unclear as to how far downstream these effects may be detected and the interaction this will 

play with discharge or the velocity of surface water.   

An issue that has previously been noted with stream restoration projects is the lack of available 

reference conditions to assist in developing targets and outcomes of restoration (Palmer et al. 

2005, Mika et al. 2010). This is particularly pertinent to the current study, where it was difficult 

to locate suitable reaches that were representative of reference conditions in an area that has 

been widely developed by agriculture. The matched-pairs approach where both a treatment 

and control reach were present on the same stream was employed to help overcome this issue 

in this study. Another problem that can arise when selecting reaches is that there will be 

natural variation in some biogeochemical parameters such as nutrient concentrations between 

streams within the same catchment (Palmer et al. 2005). The three-factor statistical model that 

was used to test for differences between treatments, streams and sampling times (attributed to 

changes in hydrology) showed that there were significant differences in nutrient stoichiometry 

among streams, and again highlights the advantage of employing a matched-pairs approach 

and analysing differences between streams. Similarly, some biogeochemical parameters such as 

chlorophyll a concentration and temperature can naturally vary as water is transported 

downstream (Thorp & de Long 1994). The spatial arrangement of having all non-vegetated 

reaches located upstream of the vegetated reaches in the treatment streams meant that during 

periods when surface water was connected the organic matter present in the non-vegetated 

reaches was not from organic matter exported from the vegetated reaches. However, to 

overcome the problem natural longitudinal variation, control streams which had a pair of either 

vegetated or non-vegetated reaches were used. The location tests were then able to show 

whether any significant effects of riparian vegetation could not be due to natural longitudinal 

variation. The outcomes of this study suggest that using a matched-pairs approach together 

with control streams can overcome the problems of dealing with natural variation within and 

between streams, as well as, a lack of suitable reference conditions when monitoring the 

outcomes of restoration. 
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The large variation in nutrient and organic matter retention within and between vegetated and 

non-vegetated reaches may also suggest that retention is naturally variable or alternatively, 

that the sampling size is not adequate to detect an effect in this study despite the large 

sampling effort to collect this amount of data. Post-hoc calculations showed that the sample 

size of five vegetated and five non-vegetated reaches in this study was only able to provide a 

statistical power of approximately 25%. This indicates that a sample size of more than 30 

streams would be needed in order to detect a significant effect at 0.80 confidence level. 

However, this is not possible because this number of streams does not exist in this area and the 

sampling effort associated is already very large for just a small number (i.e. 10) streams. 

Another limitation with using the mass-balance approach compared to other techniques to 

estimate retention such as solute injections (Mulholland et al. 2002, Dodds et al. 2004, Fellows 

et al. 2006b), is that the sampling cannot be increased (i.e. replicated) at the individual reach 

level to reduce within reach variance, which makes it difficult to predict broad-scale patterns of 

biogeochemical processes. In the present study, alternative techniques such as nutrient 

additions and solute injections could not be used as they are expensive and also very difficult to 

perform in large streams and rivers (Stream Solute Workshop 1990). 

The DEMs were able to facilitate transformation of point-concentration and aerial unit scale 

data to load and whole-reach scales, respectively. The transformation of data was essential for 

understanding the effects of riparian vegetation and hydrology on biogeochemical processes at 

the reach-scale. However, in addition to the problem of low sample size, a further limitation of 

using the mass-balance method is that it is difficult to detect patterns of retention when 

nutrient concentrations are below detection limits, such as NOx in this study. Volatile tracer 

and solute injections would not be able to overcome the issue of low nutrient concentration as 

they are adding to the ambient concentration rather than measuring the change of in-situ 

nutrients (Stream Solute Workshop 1990). However, the ability of the mass-balance method to 

estimate the true retention of nutrient during different discharges is necessary to answer the 

research questions of this thesis.  In the current study, the SRP mass-balance estimates were 

able to show that while the magnitude of nutrients being transported through the reaches can 

change with the magnitude of discharge, the retention of some nutrients did not. A related 
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advantage is that while the nutrient point concentration decreased there was actually an 

increase in the total load of nutrients imported to the reaches, which indicates that increased 

discharge had a dilution effect. Similarly, the increase in wetted area during high discharge 

periods showed that there was no consistent pattern between reaches as to whether there was 

an increase or decrease in CBOM and FBOM mass at aerial unit and whole-reach scales. Solute 

additions cannot be used to estimate organic matter retention and the inconsistent results of 

the benthic organic matter surveys show that organic matter mass cannot show whether there 

is an increase in retention. Therefore, mass-balance estimates are necessary to give an accurate 

indication of whether both vegetated and non-vegetated reaches can retain organic matter. 

Additionally, the mass-balance method is able to detect how retention processes will respond 

to changes in nutrient and organic matter point concentrations, and total loads associated with 

fluctuations in discharge at the whole-reach scale.  

7.5 Implications for restoration 

Riparian revegetation is commonly carried out at reach-scales (<200 m) with the aim to restore 

biogeochemical processes and other ecosystem functions through increased geomorphic 

complexity (structural habitat) and organic matter inputs (Bernhardt & Palmer 2011). In this 

study, the presence of riparian vegetation at reach-scales was related to the type of some 

geomorphic features (i.e. more flood debris accumulation points and less macrophyte beds), 

reduce surface area:volume ratios and surface water velocities. However, these differences in 

structural habitat did not lead to a change in the quantity of organic matter retained, as non-

vegetated reaches were able to retain organic matter through submerged and emergent 

macrophytes, which were not present within vegetated reaches. Hydrology also affected 

organic matter retention and added further complexity to the interaction between retention 

processes and channel geomorphology. In addition, it was also apparent that high-flow events 

could lead to channel erosion and move unstable bed substrates, as well as, transporting large 

amounts of sediment from upstream areas (Stewart & Ryder 2012 – see Appendix 1) that 

smothered organic matter or potentially reduced organic matter retention. Therefore, the 

results of this study suggest that if restoration aims to enhance organic matter retention in 
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unregulated systems, the influence of catchment hydrology and its’ interaction with reach 

geomorphology needs to be considered.  

Ecosystem functions such as autotrophic production and heterotrophic decomposition of 

organic matter are also considered to be important for controlling nutrient stoichiometry and 

retention within reaches (Aldridge et al. 2009). In this study, the quantity and quality of organic 

matter did not appear to influence nutrient stoichiometry or retention. During low and no-flow 

periods, the results of the EEA’s and metabolism estimates indicated that GPP was the 

dominant process controlling nutrient stoichiometry. Although the presence of riparian 

vegetation did reduce macrophyte biomass, there was no overall effect on whole-system rates 

of GPP, which also meant that no significant effect of vegetated on nutrient retention was 

detected. However, the results of this study showed that these macrophytes were important 

sources of DOC for heterotrophic communities during periods of surface water contraction and 

fragmentation. The current understanding of the role of riparian vegetation is that it can 

enhance organic matter retention, which is essential for ecosystem metabolic processes, but 

the results of this study indicate that the structural habitat created by macrophytes is playing a 

surrogate role for the functions of riparian vegetation in non-vegetated reaches. In addition, 

this study has also shown that although there was no effect of riparian vegetation on the 

overall rates of metabolic processes, there were differences in the main drivers of these 

processes between vegetated and non-vegetated reaches, with algae the main driver in 

vegetated reaches and both algae and macrophytes the drivers of processes within non-

vegetated reaches.   

7.6 Conclusion 

Reach-scale riparian vegetation is thought to increase the geomorphic complexity of streams 

and enhance organic matter inputs, which may lead to an increase in organic matter retention. 

It is currently understood that the presence of organic matter will play a pivotal role in the 

biogeochemical cycling of in-stream nutrients and therefore C:nutrient stoichiometry. As such, 

the potential increase in organic matter quantities in combination with the shading provided by 

riparian vegetation is expected to shift the metabolic state to heterotrophy in vegetated 



Chapter 7: Synthesis 
 

312 
 

reaches, particularly during periods of surface water contraction and fragmentation. During 

periods of connectivity, the increase in allochthonous organic matter within vegetated reaches 

will lead to increased nutrient retention at the reach-scale. The results of this study have shown 

that the presence of riparian vegetation did affect the type of some geomorphic features 

present within reaches. However, as these geomorphic features were still able to retain organic 

matter and that there was a complex interaction of hydrology on organic matter retention, 

there was no overall effect of riparian vegetation on organic matter quantity. This study also 

showed that the presence of organic matter was not central in controlling rates of nutrient 

retention or metabolism, and similarly, there was no effect of riparian vegetation on the overall 

rates of these processes, which contrasts to the current expectations. However, the presence of 

riparian vegetation did reduce macrophyte biomass, which was shown to be essential in 

trapping organic matter and controlling nutrient cycling. This indicates that reach-scale riparian 

vegetation may not alter overall C:nutrient stoichiometry, but vegetation can affect the 

mechanisms regulating biotic and abiotic processes that are important in stream nutrient 

cycling.  
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Appendix 2: Summary of physico-chemical parameters 

Table A2.1: Summary of mean physico-chemical parameters (n=3) from February and May sampling 
periods including: pH, conductivity (μS), total suspended solids (TSS, mg L-1) and dissolved oxygen (DO, 
mg L-1). Data are missing for the Moredun vegetated and Booralong CS reaches during May as no surface 
water was present. 

 

 

 

 

 

Reach pH Conductivity TSS DO 
February     

Moredun Vegetated 8.10 275.7 2.94 4.37 

Gwydir Vegetated 8.77 235.5 9.04 6.15 

Roumalla Vegetated 7.95 194.2 11.27 1.13 

Booralong CS 8.20 192.7 8.42 1.13 

Booralong Bridge 8.66 243.2 8.56 0.97 

Moredun Non-vegetated 9.14 195.0 9.94 5.25 

Gwydir Non-vegetated 7.85 226.0 12.83 5.84 

Roumalla Non-vegetated 8.27 184.8 8.88 4.95 

Laura Homestead 7.91 207.1 13.00 5.09 

Laura Bridge 8.55 249.8 16.17 2.46 

May     

Moredun Vegetated     

Gwydir Vegetated 7.91 311.0 1066.46 0.39 

Roumalla Vegetated 7.61 244.8 1052.00 4.44 

Booralong CS     

Booralong Bridge 7.81 273.7 1670.40 1.94 

Moredun Non-vegetated 8.29 404.8 1798.73 0.79 

Gwydir Non-vegetated 8.48 214.2 1107.08 7.00 

Roumalla Non-vegetated 9.22 241.2 1080.83 6.63 

Laura Homestead 8.16 212.3 1672.13 2.64 

Laura Bridge 7.87 705.8 3534.67 1.27 
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Table A2.2: Summary of mean physico-chemical parameters (n=3) from September and November 
sampling periods including: pH, conductivity (μS), total suspended solids (TSS, mg L-1) and dissolved 
oxygen (DO, mg L-1). 

 

 

 

 

 

 

Reach pH Conductivity TSS DO 

September     

Moredun Vegetated 6.83 90.8 4.83 8.97 

Gwydir Vegetated 7.02 135.7 4.75 8.88 

Roumalla Vegetated 6.79 93.6 7.29 7.55 

Booralong CS 7.22 154.2 4.02 7.96 

Booralong Bridge 7.11 152.0 3.96 7.77 

Moredun Non-vegetated 6.75 88.9 5.38 8.68 

Gwydir Non-vegetated 7.09 135.6 4.38 7.18 

Roumalla Non-vegetated 6.84 92.3 6.83 7.08 

Laura Homestead 7.01 112.6 3.79 9.69 

Laura Bridge 7.08 109.4 5.21 9.09 

November     

Moredun Vegetated 6.85 104.2 2.46 7.69 

Gwydir Vegetated 7.04 151.6 5.71 7.09 

Roumalla Vegetated 6.58 128.4 7.42 6.43 

Booralong CS 7.04 157.0 3.13 8.64 

Booralong Bridge 7.27 157.1 2.92 6.84 

Moredun Non-vegetated 7.01 97.5 2.04 8.55 

Gwydir Non-vegetated 6.92 154.6 6.83 5.23 

Roumalla Non-vegetated 6.59 122.8 6.33 6.01 

Laura Homestead 7.05 126.8 3.13 7.71 

Laura Bridge 6.88 128.0 4.63 8.74 
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Appendix 3: Tables of formula for unbalanced PERMANOVA location tests 

Chapter 3 

Table A3.1: Statistical formula of unbalanced PERMANOVA tests for significant differences in nutrient 
concentration (mg L-1) and chlorophyll a mass (nutrient enrichment experiment, g cm-2) between 
locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control streams combined.  

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 10.3σ
2

Lo + σ
2

e 1*Lo 1*Res 

 Residual = e 19 σ2
e   

 Total 20    

2 Location = Lo 1 12σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 22 σ2
e   

 Total 23    

3 Location = Lo 1 22.4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 43 σ2
e   

 Total 44    

 

Table A3.2: Statistical formula of unbalanced PERMANOVA tests for significant differences in dissolved 
and particulate nutrient stoichiometry between locations on (1) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 7.5σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 13 σ2
e   

 Total 14    

 

Table A3.3: Statistical formula of unbalanced PERMANOVA tests for significant differences in nutrient 
retention (g day-1) between locations on (1) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 6σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 10 σ
2

e   

 Total 11    
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Chapter 4 

Table A3.4: Statistical formula of unbalanced PERMANOVA tests for significant differences in FBOM 
mass (g cm-2) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both 
control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 44.2σ
2

Lo + σ
2

e 1*Lo 1*Res 

 Residual = e 88 σ
2

e   

 Total 89    

2 Location = Lo 1 48.8σ
2

Lo + σ
2

e 1*Lo 1*Res 

 Residual = e 96 σ2
e   

 Total 97    

3 Location = Lo 1 93.9σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 186 σ2
e   

 Total 187    

 

Table A3.5: Statistical formula of unbalanced PERMANOVA tests for significant differences in CBOM 
mass (g cm-2) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both 
control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 44.2σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 88 σ2
e   

 Total 89    

2 Location = Lo 1 52σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 102 σ2
e   

 Total 103    

3 Location = Lo 1 96.6σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 192 σ2
e   

 Total 193    

 

Table A3.6: Statistical formula of unbalanced PERMANOVA tests for significant differences in FBOM and 
CBOM retention (g day-1) between locations on (1) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 6σ
2

Lo + σ
2

e 1*Lo 1*Res 

 Residual = e 10 σ
2

e   

 Total 11    
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Table A3.7: Statistical formula of unbalanced PERMANOVA tests for significant differences in organic 
matter breakdown (% total mass lost) and total inorganic matter accumulation (g) between locations 
(Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 8.8σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 17 σ2
e   

 Total 18    

2 Location = Lo 1 11σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 20 σ2
e   

 Total 21    

3 Location = 
Lo 

1 20.2σ
2

Lo + σ
2

e 1*Lo 1*Res 

 Residual = e 39 σ
2

e   

 Total 40    

 

Table A3.8: Statistical formula of unbalanced PERMANOVA tests for significant differences in average 
daily surface water temperature (°C) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek 
only, and (3) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 3.4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 5 σ2
e   

 Total 6    

2 Location = Lo 1 4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 6 σ2
e   

 Total 7    

3 Location = Lo 1 7.4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 13 σ2
e   

 Total 14    
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Chapter 5 

Table A3.9: Statistical formula of unbalanced PERMANOVA tests for significant differences in mean EEA 
(µM 4-MUB L-1 h-1) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both 
control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 3.4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 5 σ
2

e   

 Total 6    

2 Location = Lo 1 4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 6 σ2
e   

 Total 7    

3 Location = Lo 1 7.4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 13 σ2
e   

 Total 14    

 

Chapter 6 

Table A3.10: Statistical formula of unbalanced PERMANOVA tests for significant differences in rates of 
GPP, ER, NEP (mg L-1 day-1) and P/R ratios between locations (Lo) in (1) Booralong Creek only, (2) Laura 
Creek only, and (3) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 32
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 4 σ2
e   

 Total 5    

2 Location = Lo 1 4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 6 σ2
e   

 Total 7    

3 Location = Lo 1 7σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 11 σ
2

e   

 Total 13    
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Table A3.11: Statistical formula of unbalanced PERMANOVA tests for significant differences in mean 
daily light values (lumens m-2) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, 
and (3) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 2.4
2

Lo + σ
2

e 1*Lo 1*Res 

 Residual = e 4 σ
2

e   

 Total 5    

2 Location = Lo 1 3σ
2

Lo + σ
2

e 1*Lo 1*Res 

 Residual = e 5 σ
2

e   

 Total 6    

3 Location = Lo 1 5.5σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 10 σ
2

e   

 Total 11    

 

Table A3.12: Statistical formula of unbalanced PERMANOVA tests for significant differences in water 
column chlorophyll a concentration (mg L-1) between locations (Lo) in (1) Booralong Creek only, (2) 
Laura Creek only, and (3) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 9σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 16 σ2
e   

 Total 17    

2 Location = Lo 1 12σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 22 σ2
e   

 Total 23    

3 Location = Lo 1 20σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 40 σ2
e   

 Total 41    
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Table A3.13: Statistical formula of unbalanced PERMANOVA tests for significant differences in total 
macrophyte biomass (kg) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and 
(3) both control streams combined. 

 
 Source 

Degrees of 
freedom 

Expected mean 
square 

F-ratio 
Numerator 

F-ratio 
Denominator 

1 Location = Lo 1 3.4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 5 σ
2

e   

 Total 6    

2 Location = Lo 1 4σ
2

Lo + σ
2

e 1*Lo 1*Res 

 Residual = e 6 σ2
e   

 Total 7    

3 Location = Lo 1 7.4σ2
Lo + σ2

e 1*Lo 1*Res 

 Residual = e 13 σ2
e   

 Total 14    
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Appendix 4: Tables of location tests 

Chapter 3  

Table A4.1: Results of PERMANOVA tests for significant differences in NOx concentration (mg L-1) 
between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 21493.000 21493.000 1.876e-3 0.975 
 Res 19 2.177e+8 1.146e+7   
 Total 20 2.177e+8    
2 Lo 1 2.226e+6 2.226e+6 0.240 0.643 
 Res 22 2.038e+8 9.265e+6   
 Total 23 2.061e+8    
3 Lo 1 6.669e+5 6.669e+5 6.682e-2 0.809 
 Res 43 4.292e+8 9.981e+6   
 Total 44 4.298Ee+8    

 

Table A4.2: Results of PERMANOVA tests for significant differences in SRP concentration (mg L-1) 
between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 1239.500 1239.500 0.384 0.535 
 Res 19 61303.000 3226.500   

 Total 20 62543.000    
2 Lo 1 43.323 43.323 3.338e-2 0.843 

 Res 22 2855.000 1297.700   
 Total 23 28593.000    

3 Lo 1 178.180 178.180 8.164e-2 0.773 
 Res 43 93848.000 2182.500   

 Total 44 94027.000    
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Table A4.3: Results of PERMANOVA tests for significant differences in TN concentration (mg L-1) 
between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined. Significant results are in bold type. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 6.384e-2 6.384e-2 4.465 0.024 

 Total 20 0.336    

 Res 19 0.272 1.430e-2   
2 Lo 1 2.750e-2 2.750e-2 0.428 0.555 

 Res 22 1.418 6.444e-2   

 Total 23 1.445    

3 Lo 1 3.569e-4 3.569e-4 7.797e-3 0.916 

 Res 43 1.968 4.577e-2   

 Total 44 1.968    

 

Table A4.4: Results of PERMANOVA tests for significant differences in TP concentration (mg L-1) 
between locations in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control streams 
combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 94.291 94.291 2.038 0.182 

 Res 19 879.140 46.270   

 Total 20 973.430    

2 Lo 1 2.254 2.254 3.935e-2 0.831 

 Res 22 1260.000 57.274   

 Total 23 1262.300    

3 Lo 1 22.248 22.248 0.411 0.524 

 Res 43 2328.000 54.140   

 Total 44 2350.300    

 

Table A4.5: Results of PERMANOVA tests for significant differences in DOC concentration (mg L-1) 
between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined. Significant results are in bold type. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 11.754 11.754 3.474 0.093 

 Res 19 64.281 3.383   

 Total 20 76.035    

2 Lo 1 45.637 45.637 18.329 0.002 

 Res 22 54.776 2.490   

 Total 23 100.410    

3 Lo 1 3.693 3.693 0.591 0.453 

 Res 43 268.650 6.248   

 Total 44 272.340    
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Table A4.6: Results of PERMANOVA tests for significant differences in dissolved (1) and particulate 
(2) nutrient stoichiometry between locations (Lo) in both control streams combined. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 0.135 0.135 4.203e-2 0.990 

 Res 13 41.865 3.220   

 Total 14 42.000    

2 Lo 1 0.229 0.229 7.118e-2 0.969 

 Res 13 41.771 3.213   
 Total 14 42.000    

 

Table A4.7: Results of PERMANOVA tests for significant differences in chlorophyll a mass (g m-2) 
between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 9.934 9.934 1.258 0.224 

 Res 19 150.070 7.898   
 Total 20 160.000    
2 Lo 1 3.771 3.771 0.460 0.666 

 Res 22 180.230 8.192   

 Total 23 184.000    

3 Lo 1 7.068 7.068 0.881 0.374 
 Res 43 344.930 8.022   

 Total 44 352.000    

 

Table A4.8: Results of PERMANOVA test for significant differences in nutrient retention (g day-1) 
between locations. Data from both Booralong Creek and Laura Creek were used in the analyses. 

Test Source df SS MS Pseudo-F P(perm) 

NOx Lo 1 14.691 14.691 0.119 0.734 
 Res 10 1233.000 123.300   
 Total 11 1247.700    
SRP Lo 1 77.192 77.192 0.362 0.558 
 Res 10 2133.200 213.320   
 Total 11 2210.400    
TN Lo 1 261.070 261.070 1.255 0.300 
 Res 10 2079.500 207.950   
 Total 11 2340.600    
TP Lo 1 188.010 188.010 0.403 0.543 
 Res 10 4670.900 467.090   
 Total 11 4858.900    
DOC Lo 1 0.107 0.107 5.900e-6 0.999 
 Res 10 1.821e+5 18213.000   
 Total 11 1.821e+5    
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Chapter 4  

Table A4.9: Results of PERMANOVA tests for significant differences in FBOM (g m-2) between 
locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control streams 
combined. Significant results are in bold type. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 2.890 2.890 7.695 0.009 
 Res 88 33.055 0.376   
 Total 89 35.945    
2 Lo 1 8.544 8.544 9.034 0.004 
 Res 96 90.794 0.946   
 Total 97 99.338    
3 Lo 1 1786.600 1786.600 2.188 0.133 
 Res 186 1.519e+5 816.430   
 Total 187 1.536e+5    

 

Table A4.10: Results of PERMANOVA tests for significant differences in total CBOM (g m-2) between 
locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control streams 
combined. Significant results are in bold type. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 4.134 4.138 8.721 0.002 
 Res 88 41.753 0.475   
 Total 89 45.890    
2 Lo 1 2.926 2.926 2.991 0.091 
 Res 102 99.792 0.978   
 Total 103 102.720    
3 Lo 1 3.254e-2 3.254e-2 4.183e-2 0.826 
 Res 192 149.370 0.780   
 Total 193 149.410    

 

Table A4.11: Results of PERMANOVA tests for significant differences in CBOM composition (g m-2) 
between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined. The multivariate dataset included masses (g m-2) of: needles, wood, Casuarina 
reproductive structures, leaf/bark, macrophytes, and unidentified fractions. Significant results are in 
bold type.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 2.890 2.890 7.695 0.009 
 Res 88 33.055 0.376   
 Total 89 35.945    
2 Lo 1 8.544 8.544 9.034 0.004 
 Res 96 90.794 0.946   
 Total 97 99.338    
3 Lo 1 1786.600 1786.600 2.188  
 Res 186 1.519e+5 816.430   
 Total 187 1.536e+5   0.133 
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Table A4.12: Results of PERMANOVA test for significant differences in organic matter retention (g 
day-1) between locations. Data from both Booralong Creek and Laura Creek was used in the analyses. 

Test Source df SS MS Pseudo-F P(perm) 

Total 
FOM 

Lo 1 51.022 51.022 0.989 0.359 

Res 10 515.740 51.574   

Total 11 566.760    
Total 
COM 

Lo 1 8.724e-2 8.724e-2 7.997e-2 0.753 

Res 10 10.913 1.091   
Total 11 11.000    

Multi- 
variate 
COM 

Lo 1 2.737 2.737 0.524 0.618 
Res 10 52.263 5.226   

Total 11 55.000    

 

Table A4.13: Results of PERMANOVA tests for significant differences in litterbag decomposition (% 
mass lost, determined from area under the curve) between locations (Lo) in (1) Booralong Creek 
only, (2) Laura Creek only, and (3) both control streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 324.240 324.240 1.760 0.241 

 Res 20 3683.600 184.180   
 Total 21 4007.800    

2 Lo 1 1.344 1.344 4.952e-2 0.831 

 Res 17 461.310 27.136   

 Total 18 462.660    

3 Lo 1 188.900 188.900 1.687 0.207 

 Res 39 4367.000 111.970   

 Total 40 4555.900    

 

Table A5.14: Results of PERMANOVA tests for significant differences in mean daily surface water 
temperature (°C) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) 
both control streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 15.228 15.228 0.19808 0.784 

 Res 5 384.38 76.876   
 Total 6 399.61    

2 Lo 1 1.0513 1.0513 1.103E-2 0.831 

 Res 6 571.85 95.309   

 Total 7 572.9    

3 Lo 1 14.036 14.036 0.18198 0.784 

 Res 13 1002.7 77.131   

 Total 14 1016.7    
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Table A4.15: Results of PERMANOVA tests for significant differences in inorganic matter mass 
accumulated (g) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) 
both control streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 0.38431 0.38431 2.2906 0.225 

 Res 5 0.83888 0.16778   
 Total 6 1.2232    

2 Lo 1 1.134 1.134 5.3 0.062 

 Res 6 1.2838 0.21396   

 Total 7 2.4178    

3 Lo 1 14.036 14.036 0.18198 0.784 

 Res 13 1002.7 77.131   

 Total 14 1016.7    

 

Chapter 5  

Table A4.16: Results of PERMANOVA tests for significant differences in AP activity (µM 4-MUB L-1 h-1) 
between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 0.720 0.720 0.174 0.736 
 Res 5 20.686 4.137   

 Total 6 21.406    
2 Lo 1 1.036 1.036 1.075 0.334 

 Res 6 5.785 0.964   
 Total 7 6.821    

3 Lo 1 1.585 1.585 0.752 0.399 
 Res 13 27.377 2.106   

 Total 14 28.961    

 

Table A4.17: Results of PERMANOVA tests for significant differences in LAP activity (µM 4-MUB L-1 h-

1) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 8.443e-4 8.443e-4 2.039e-3 0.970 
 Res 5 2.070 0.414   
 Total 6 2.071    
2 Lo 1 3.444e-2 3.444e-2 0.3425 0.605 
 Res 6 0.603 0.101   
 Total 7 0.638    
3 Lo 1 3.477e-2 3.477e-2 0.124 0.723 
 Res 13 3.643 0.280   
 Total 14 3.678    

 



Appendix 4: Tables of location tests 
 

367 
 

Table A4.18: Results of PERMANOVA tests for significant differences in β-glu activity (µM 4-MUB L-1 
h-1) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 0.363 0.363 0.491 0.601 
 Res 5 3.691 0.738   
 Total 6 4.053    
2 Lo 1 8.280e-2 8.280e-2 5.294e-2 0.819 
 Res 6 9.385 1.564   
 Total 7 9.467    
3 Lo 1 1.706e-2 1.706e-2 1.543e-2 0.913 
 Res 13 14.377 1.106   
 Total 14 14.394    

 

Table A4.19: Results of PERMANOVA tests for significant differences in α-glu activity (µM 4-MUB L-1 
h-1) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 0.452 0.452 0.260 0.729 
 Res 5 8.693 1.739   
 Total 6 9.145    
2 Lo 1 5.687e-2 5.687e-2 9.424e-2 0.771 
 Res 6 3.621 0.603   
 Total 7 3.678    
3 Lo 1 0.395 0.395 0.413 0.553 
 Res 13 12.429 0.956   

 Total 14 12.823    

 

Table A4.20: Results of PERMANOVA tests for significant differences in xylo activity (µM 4-MUB L-1 h-

1) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined.  

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 0.187 0.187 0.297 0.613 
 Res 5 3.144 0.629   
 Total 6 3.331    
2 Lo 1 1.002e-2 1.002e-2 2.433e-2 0.846 
 Res 6 2.470 0.412   

 Total 7 2.480    
3 Lo 1 6.487e-2 6.487e-2 0.141 0.709 
 Res 13 5.987 0.461   

 Total 14 6.052    
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Table A4.21: Results of PERMANOVA tests for significant differences in metabolic parameters 
including rates of GPP, ER, net DO change (mg L-1) and P/R ratios between locations (Lo) in (1) 
Booralong Creek only, (2) Laura Creek only, and (3) both control streams combined. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 3.560 3.560 0.866 0.728 

 Res 4 16.440 4.110   

 Total 5 20.000    

2 Lo 1 1.362 1.362 0.307 0.829 

 Res 6 26.638 4.440   

 Total 7 28.000    

3 Lo 1 2.717 2.717 0.662 0.614 

 Res 12 49.283 4.107   

 Total 13 52.000    

 

Table A4.22: Results of PERMANOVA tests for significant differences in mean daily light values 
(lumens m-2) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both 
control streams combined. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 9.276e6 9.276e6 3.056e-3 1 

 Res 3 9.106e9 3.035e9   

 Total 4 9.115e9    

2 Lo 1 3.226e9 3.226e9 4.021e-2 0.526 

 Res 4 3.209e11 8.023e10   

 Total 5 3.241e11    

3 Lo 1 4.735e9 4.735e9 0.109 0.575 

 Res 9 3.894e11 4.326e10   

 Total 10 3.941e11    

 

Table A5.23: Results of PERMANOVA tests for significant differences in chlorophyll a concentration 
(mg L-1) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 3.744e-4 3.744e-4 0.198 0.611 

 Res 16 3.020e-2 1.888e-3   

 Total 17 3.058e-2    

2 Lo 1 4.371e-3 4.371e-3 0.223 0.624 

 Res 22 0.431 1.959e-2   

 Total 23 0.435    

3 Lo 1 3.925e-3 3.924e-3 0.279 0.607 

 Res 40 0.562 1.406e-2   

 Total 41 0.566    
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Table A4.24: Results of PERMANOVA tests for significant differences in total macrophyte biomass 
(kg) between locations (Lo) in (1) Booralong Creek only, (2) Laura Creek only, and (3) both control 
streams combined. Data was Box-Cox transformed prior to analysis. 

Test Source df SS MS Pseudo-F P(perm) 

1 Lo 1 2.176e-3 2.176e-3 1.350 0.426 
 Res 5 8.058e-3 1.612e-3   
 Total 6 1.023e-2    
2 Lo 1 0.637 0.637 0.494 0.472 
 Res 6 7.729 1.288   

 Total 7 8.365    
3 Lo 1 0.181 0.181 0.153 0.686 
 Res 13 15.312 1.178   
 Total 14 15.493    
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Appendix 5: Tables of formula for unbalanced PERMANOVA main factor tests 

 

Chapter 3 

Table A5.1: Statistical formula of unbalanced PERMANOVA tests for significant differences in nutrient concentrations (mg L-1) between treatment 
(Tr), streams (St), time (Ti), and their significant interactions. Data are missing from two reaches (Booralong CS and Moredun vegetated) during 
May as no surface water was present.  

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ
2

e + 3σ
2

TrStTi + 7.7σ
2

TrTi + 10.3σ
2

TrSt + 30.9σ
2

Tr   0.943*TrxStxTi + 1*Tr 0.964*TrxTi + 0.980*TrxSt 

2 Stream = St 4 σ
2

e + 4.8σ
2

StTi + 19.3σ
2

St   1*St 0.959*StxTi + 0.040*Res 

3 Time = Ti 3 σ2
e + 5.4σ2

StTi + 26.9σ2
Ti   0.080*Res + 1*Ti 1.071*StxTi 

4 Tr x St 2 σ2
e + 3σ2

TrStTi + 10.5σ2
TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 3 σ2
e + 3σ2

TrStTi + 8σ2
TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 12 σ2
e + 5σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 5 σ2
e + 3σ2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 83 σ2
e   

 Total 113    
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Table A5.2: Statistical formula of unbalanced PERMANOVA tests for significant differences in dissolved and particulate nutrient stoichiometry 
between treatment (Tr), streams (St), time (Ti), and their significant interactions. Data are missing from two reaches (Booralong CS and Moredun 
vegetated) during May as no surface water was present.  

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + σ2

TrStTi + 2.6σ2
TrTi + 3.4σ2

TrSt + 10.3σ2
Tr   0.944*TrxStxTi + 1*Tr 0.964*TrxTi + 0.980*TrxSt 

2 Stream = St 4 σ2
e + 1.6σ2

StTi + 6.4σ2
St   1*St 0.959*StxTi + 0.040*Res 

3 Time = Ti 3 σ
2

e + 1.8σ
2

StTi + 9.0σ
2

Ti   0.080*Res + 1*Ti 1.071*StxTi 

4 Tr x St 2 σ
2

e + σ
2

TrStTi + 3.5σ
2

TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 3 σ2
e + σ2

TrStTi + 2.7σ2
TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 12 σ
2

e + 1.7σ
2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 5 σ
2

e + σ
2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 7 σ
2

e   

 Total 37    

 

Table A5.3: Statistical formula of unbalanced PERMANOVA tests for significant differences in chlorophyll a mass (g cm-2) from nutrient 
enrichment experiment between treatment (Tr), streams (St), time (Ti), and their significant interactions. Data are missing from two reaches 
(Booralong CS and Moredun vegetated) during May as no surface water was present.  

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ
2

e + 3σ
2

TrStTi + 5.8σ
2

TrTi + 7.7σ
2

TrSt + 23.3σ
2

Tr   1.006*TrxStxTi + 1*Tr 0.971*TrxTi + 1.035*TrxSt 

2 Stream = St 4 σ2
e + 4.0σ2

StTi + 15.9σ2
St   1*St 0.889*StxTi + 0.111*Res 

3 Time = Ti 3 σ2
e + 4.4σ2

StTi + 22.2σ2
Ti   1*Ti 0.990*StxTi+ 0.010*Res 

4 Tr x St 2 σ2
e + 3σ2

TrStTi + 7.5σ2
TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 3 σ2
e + 3σ2

TrStTi + 6σ2
TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 12 σ2
e + 4.5σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 3 σ2
e + 3σ2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 79 σ2
e   

 Total 107    
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Table A5.4: Statistical formula of unbalanced PERMANOVA tests for significant differences in nutrient retention (g day-1) between treatment (Tr), 
streams (St), time (Ti), and their significant interactions.  

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ
2

e + σ
2

TrStTi + 3σ
2

TrTi + 3σ
2

TrSt + 9σ
2

Tr   1*TrxStxTi + 1*Tr 1*TrxTi + 1*TrxSt 

2 Stream = St 4 σ
2

e + 1.8σ
2

StTi + 5.4σ
2

St   1*St 1*StxTi  

3 Time = Ti 2 σ
2

e + 2σ
2

StTi + 10σ
2

Ti   0.111*Res + 1*Ti 1.111*StxTi 

4 Tr x St 2 σ2
e + σ2

TrStTi + 3σ2
TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 2 σ
2

e + σ
2

TrStTi + 3σ
2

TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 8 σ
2

e + 1.8σ
2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 4 σ
2

e + σ
2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 6 σ
2

e   

 Total 29    

 

Chapter 4 

Table A5.5: Statistical formula of unbalanced PERMANOVA tests for significant differences in FBOM mass (g m-2) between treatment (Tr), 
streams (St), time (Ti), and their significant interactions. Data are missing from two reaches (Booralong CS and Moredun vegetated) during May 
as no surface water was present. Nine other samples also had to be excluded due to sample bags splitting.   

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + 8.6σ2

TrStTi + 25.9σ2
TrTi + 34.5σ2

TrSt + 
103.5σ2

Tr   
0.763*TrxStxTi + 1*Tr 0.833*TrxTi + 0.889*TrxSt + 

0.004*Res 
2 Stream = St 4 σ2

e + 18.9σ2
StTi + 75.7σ2

St   1*St 0.903*StxTi + 0.010*Res 

3 Time = Ti 3 σ2
e + 21.2σ2

StTi + 106.0σ2
Ti   1*Ti + 0.001*Res  1.012*StxTi 

4 Tr x St 2 σ2
e + 9.7σ2

TrStTi + 38.8σ2
TrSt   1*TrxSt 0.858*TrxStxTi + 0.142*Res 

5 Tr x Ti 3 σ2
e + 10.3σ2

TrStTi + 31.0σ2
TrTi  1*TrxTi 0.916*TrxStxTi + 0.008*Res 

6 St x Ti 12 σ2
e + 21.0σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 6 σ
2

e + 11.3σ
2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 454 σ
2

e   

 Total 485    
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Table A5.6: Statistical formula of unbalanced PERMANOVA tests for significant differences in CBOM mass (g m-2) between treatment (Tr), 
streams (St), time (Ti), and their significant interactions. Data are missing from two reaches (Booralong CS and Moredun vegetated) during May 
as no surface water was present. Four other samples also had to be excluded due to sample bags splitting. 

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + 8.6σ2

TrStTi + 25.9σ2
TrTi + 34.6σ2

TrSt + 
103.7σ

2
Tr   

0.762*TrxStxTi + 1*Tr 0.832*TrxTi + 0.890*TrxSt + 
0.004*Res 

2 Stream = St 4 σ
2

e + 19.2σ
2

StTi + 76.8σ
2

St   1*St 0.905*StxTi + 0.010*Res 

3 Time = Ti 3 σ
2

e + 21.5σ
2

StTi + 107.5σ
2

Ti   1*Ti + 0.001*Res  1.013*StxTi 

4 Tr x St 2 σ
2

e + 9.7σ
2

TrStTi + 38.8σ
2

TrSt   1*TrxSt 0.856*TrxStxTi + 0.144*Res 

5 Tr x Ti 3 σ
2

e + 10.4σ
2

TrStTi + 31.2σ
2

TrTi  1*TrxTi 0.916*TrxStxTi + 0.008*Res 

6 St x Ti 12 σ
2

e + 21.2σ
2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 6 σ2
e + 11.3σ2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 461 σ2
e   

 Total 492    

 

Table A5.7: Statistical formula of unbalanced PERMANOVA tests for significant differences in CBOM composition (g m-2) between treatment (Tr), 
streams (St), time (Ti), and their significant interactions. Data are missing from two reaches (Booralong CS and Moredun vegetated) during May 
as no surface water was present. Four other samples also had to be excluded due to sample bags splitting. 

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + 8.6σ2

TrStTi + 25.9σ2
TrTi + 34.6σ2

TrSt + 
103.7σ2

Tr   
0.762*TrxStxTi + 1*Tr 0.832*TrxTi + 0.890*TrxSt + 

0.004*Res 
2 Stream = St 4 σ

2
e + 19.2σ

2
StTi + 76.8σ

2
St   1*St 0.905*StxTi + 0.010*Res 

3 Time = Ti 3 σ
2

e + 21.5σ
2

StTi + 107.5σ
2

Ti   1*Ti + 0.001*Res  1.013*StxTi 

4 Tr x St 2 σ2
e + 9.7σ2

TrStTi + 38.8σ2
TrSt   1*TrxSt 0.856*TrxStxTi + 0.144*Res 

5 Tr x Ti 3 σ2
e + 10.4σ2

TrStTi + 31.2σ2
TrTi  1*TrxTi 0.916*TrxStxTi + 0.008*Res 

6 St x Ti 12 σ2
e + 21.2σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 6 σ2
e + 11.3σ2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 461 σ2
e   

 Total 492    
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Table A5.8: Statistical formula of unbalanced PERMANOVA tests for significant differences in FBOM and CBOM mass, and CBOM composition (g 
m-2) between treatment (Tr), streams (St), time (Ti), and their significant interactions.  

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ
2

e + σ
2

TrStTi + 3σ
2

TrTi + 3σ
2

TrSt + 9σ
2

Tr   1*TrxStxTi + 1*Tr 1*TrxTi + 1*TrxSt 

2 Stream = St 4 σ
2

e + 1.8σ
2

StTi + 5.4σ
2

St   1*St 1*StxTi  

3 Time = Ti 2 σ
2

e + 2σ
2

StTi + 10σ
2

Ti   0.111*Res + 1*Ti 1.111*StxTi 

4 Tr x St 2 σ2
e + σ2

TrStTi + 3σ2
TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 2 σ
2

e + σ
2

TrStTi + 3σ
2

TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 8 σ
2

e + 1.8σ
2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 4 σ
2

e + σ
2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 6 σ
2

e   

 Total 29    

 

Table A5.9: Statistical formula of unbalanced PERMANOVA tests for significant differences in organic matter breakdown (% mass loss) between 
treatment (Tr), streams (St), time (Ti), and their significant interactions. Data are missing from two reaches (Booralong CS and Moredun 
vegetated) during May as no surface water was present. Sixteen other samples were lost when strong surface water velocities removed the 
litterbags from reaches. 

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + 3.0σ2

TrStTi + 4.5σ2
TrTi + 5.9σ2

TrSt + 17.8σ2
Tr   0.591*TrxStxTi + 1*Tr + 0.037*Res 0.783*TrxTi + 0.844*TrxSt 

2 Stream = St 4 σ2
e + 3.9σ2

StTi + 14.6σ2
St   1*St 0.894*StxTi + 0.106*Res 

3 Time = Ti 3 σ2
e + 4.8σ2

StTi + 22.4σ2
Ti   0.116*Res + 1*Ti 1.116*StxTi 

4 Tr x St 2 σ2
e + 2.8σ2

TrStTi + 7.0σ2
TrSt   1*TrxSt+ 0.003*Res 1.003*TrxStxTi 

5 Tr x Ti 3 σ2
e + 2.9σ2

TrStTi + 5.7σ2
TrTi  1*TrxTi+ 0.019*Res 1.019*TrxStxTi 

6 St x Ti 11 σ2
e + 4.3σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 3 σ
2

e + 2.8σ
2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 71 σ2
e   

 Total 98    
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Table A5.10: Statistical formula of unbalanced PERMANOVA tests for significant differences in mean organic matter breakdown (% mass loss), 
total inorganic matter accumulation (g), and average daily surface water temperature (°C) between treatment (Tr), streams (St), time (Ti), and 
their significant interactions. Data are missing from Booralong CS and Moredun vegetated reaches during May as no surface water was present. 
Data are also missing from Roumalla non-vegetated during, Moredun non-vegetated and Moredun vegetated  reaches during November when 
strong surface water velocities removed the litterbags. 

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + σ2

TrStTi + 1.5σ2
TrTi + 2σ2

TrSt + 6σ2
Tr   0.550*TrxStxTi + 1*Tr  0.750*TrxTi + 0.800*TrxSt 

2 Stream = St 4 σ
2

e + 1.4σ
2

StTi + 5.2σ
2

St   1*St 0.894*StxTi + 0.106*Res 

3 Time = Ti 3 σ
2

e + 1.7σ
2

StTi + 8.0 σ
2

Ti   0.136*Res + 1*Ti 1.136*StxTi 

4 Tr x St 2 σ
2

e + σ
2

TrStTi + 2.5σ
2

TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 3 σ
2

e + σ
2

TrStTi + 2σ
2

TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 11 σ2
e + 1.5σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 3 σ2
e + σ2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 7 σ2
e   

 Total 34    
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Chapter 5 

Table A5.11: Statistical formula of unbalanced PERMANOVA tests for significant differences in mean EEA (µM 4-MUB L-1 h-1) between treatment 
(Tr), streams (St), time (Ti), and their significant interactions. Data are missing from two reaches (Booralong CS and Moredun vegetated) during 
May as no surface water was present.  

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + σ2

TrStTi + 2.6σ2
TrTi + 3.4σ2

TrSt + 10.3σ2
Tr   0.944*TrxStxTi + 1*Tr 0.964*TrxTi + 0.980*TrxSt 

2 Stream = St 4 σ
2

e + 1.6σ
2

StTi + 6.4σ
2

St   1*St 0.959*StxTi + 0.040*Res 

3 Time = Ti 3 σ
2

e + 1.8σ
2

StTi + 9.0σ
2

Ti   0.080*Res + 1*Ti 1.071*StxTi 

4 Tr x St 2 σ
2

e + σ
2

TrStTi + 3.5σ
2

TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 3 σ
2

e + σ
2

TrStTi + 2.7σ
2

TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 12 σ2
e + 1.7σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 5 σ2
e + σ2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 7 σ2
e   

 Total 37    
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Chapter 6 

Table A5.12: Statistical formula of unbalanced PERMANOVA tests for significant differences in rates of GPP, ER, NEP (mg L-1 day-1) and P/R ratios 
between treatment (Tr), streams (St), time (Ti), and their significant interactions. Data are missing from Booralong CS and Moredun vegetated 
during May as no surface water was present, and Gwydir non-vegetated reach during September when no rate could be determined.  

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + σ2

TrStTi + 2.3σ2
TrTi + 3.1σ2

TrSt + 9.3σ2
Tr   1.04*TrxStxTi + 1*Tr 1*TrxTi + 1.037*TrxSt 

2 Stream = St 4 σ
2

e + 1.5σ
2

StTi + 5.9σ
2

St   1*St 0.924*StxTi + 0.076*Res 

3 Time = Ti 3 σ
2

e + 1.6σ
2

StTi + 8.2σ
2

Ti   0.041*Res + 1*Ti 1.041*StxTi 

4 Tr x St 2 σ
2

e + σ
2

TrStTi + 3σ
2

TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 3 σ
2

e + σ
2

TrStTi + 2.3σ
2

TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 12 σ2
e + 1.6σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 4 σ2
e + σ2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 7 σ2
e   

 Total 36    

 

Table A5.13: Statistical formula of unbalanced PERMANOVA tests for significant differences in mean daily light values (lumens m2) between 
treatment (Tr), streams (St), time (Ti), and their significant interactions. Data are missing from all reaches during February due to technical 
issues; Booralong CS and Moredun vegetated during May as no surface water was present, and Gwydir non-vegetated reach during September 
when no rate could be determined. 

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + σ2

TrStTi + 2.1σ2
TrTi + 2.1σ2

TrSt + 6.4σ2
Tr   1.143*TrxStxTi + 1*Tr 1.071*TrxTi + 1.071*TrxSt 

2 Stream = St 4 σ
2

e + 1.4σ
2

StTi + 4.1σ
2

St  1*St 0.921*StxTi + 0.079*Res 

3 Time = Ti 2 σ2
e + 1.5σ2

StTi + 7.5σ2
Ti   0.014*Res + 1*Ti 1.014*StxTi 

4 Tr x St 2 σ2
e + σ2

TrStTi + 2σ2
TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 2 σ2
e + σ2

TrStTi + 2σ2
TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 8 σ2
e + 1.5σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 2 σ2
e + σ2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 5 σ
2

e   

 Total 26    



Appendix 5: Tables of formula for main factor tests 

378 
 

Table A5.14: Statistical formula of unbalanced PERMANOVA tests for significant differences in water column chlorophyll a concentration (mg L-1) 
between treatment (Tr), streams (St), time (Ti), and their significant interactions. Data are missing from Booralong CS and Moredun vegetated 
during May as no surface water was present. 

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + 3σ2

TrStTi + 7.7σ2
TrTi + 10.3σ2

TrSt + 30.9σ2
Tr   0.943*TrxStxTi + 1*Tr 0.964*TrxTi + 0.980*TrxSt 

2 Stream = St 4 σ
2

e + 4.8σ
2

StTi + 19.3σ
2

St   1*St 0.959*StxTi + 0.040*Res 

3 Time = Ti 3 σ
2

e + 5.4σ
2

StTi + 26.9σ
2

Ti   0.080*Res + 1*Ti 1.071*StxTi 

4 Tr x St 2 σ2
e + 3σ2

TrStTi + 10.5σ2
TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 3 σ
2

e + 3σ
2

TrStTi + 8σ
2

TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 12 σ2
e + 5σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 5 σ
2

e + 3σ
2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 83 σ
2

e   

 Total 113    

 

Table A5.15: Statistical formula of unbalanced PERMANOVA tests for significant differences in total macrophyte biomass (kg) between treatment 
(Tr), streams (St), time (Ti), and their significant interactions. Data are missing from Booralong CS and Moredun vegetated during May as no 
surface water was present.  

 
 Source 

Degrees of 
freedom 

Expected mean square 
F-ratio 

Numerator 
F-ratio 

Denominator 

1 Treatment = Tr 1 σ2
e + σ2

TrStTi + 2.6σ2
TrTi + 3.4σ2

TrSt + 10.3σ2
Tr   0.944*TrxStxTi + 1*Tr 0.964*TrxTi + 0.980*TrxSt 

2 Stream = St 4 σ2
e + 1.6σ2

StTi + 6.4σ2
St   1*St 0.959*StxTi + 0.040*Res 

3 Time = Ti 3 σ2
e + 1.8σ2

StTi + 9.0σ2
Ti   0.080*Res + 1*Ti 1.071*StxTi 

4 Tr x St 2 σ2
e + σ2

TrStTi + 3.5σ2
TrSt   1*TrxSt 1*TrxStxTi 

5 Tr x Ti 3 σ2
e + σ2

TrStTi + 2.7σ2
TrTi  1*TrxTi 1*TrxStxTi 

6 St x Ti 12 σ2
e + 1.7σ2

StTi   1*StxTi 1*Res 

7 Tr x St x Ti 5 σ
2

e + σ
2

TrStTi  1*TrxStxTi 1*Res 

8 Residual = e 7 σ2
e   

 Total 37    
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Appendix 6: Macrophyte biomass coefficient of correlations 

Table A6.1: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at Moredun non-vegetated reach during all four sampling periods. 

Species February May September November 

Vallisneria gigantea 0.83 0.89   
Scirpus validus 0.81   0.89 
Rumex crispus   0.85 0.86 
Juncus usitatus   0.82  

 

Table A6.2: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at Moredun vegetated reach during all four sampling periods. 

Species February May September November 

Triglochin procera    0.85 
Carex spp.    0.80 
Juncus spp.    0.80 

 

Table A6.3: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at Gwydir non-vegetated reach during all four sampling periods. 

Species February May September November 

Vallisneria gigantea 0.90 0.85   
Ranunculus trichophyllus 0.88 0.90  0.79 
Hydrilla verticillata  0.88   
Scirpus validus 0.85   0.83 
Cyperus spp. 0.85   0.83 
Carex spp.    0.87 

 

Table A6.4: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at Gwydir vegetated reach during all four sampling periods. 

Species February May September November 

Vallisneria gigantea 0.90    

 

Table A6.5: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at Roumalla non-vegetated reach during all four sampling periods. 

Species February May September November 

Vallisneria gigantea  0.93  0.81 
Eleocharis sphacelata   0.83 0.76 
Eleocharis acuta    0.80 
Nitella spp.  0.94   
Chara spp.  0.93   
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Table A6.6: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at upstream vegetated control reach, Booralong CS, during all four sampling periods. 

Species February May September November 

Carex spp.   0.81 0.82 
Juncus spp.    0.83  

 

Table A6.7: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at downstream vegetated control reach, Booralong Bridge, during all four sampling 
periods. 

Species February May September November 

Scirpus validus   0.87  
Carex spp.   0.81  
Juncus spp.    0.82 0.81 

 

Table A6.8: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at upstream non-vegetated control reach, Laura HD, during all four sampling periods. 

Species February May September November 

Vallisneria gigantea 0.86 0.80  0.87 
Eleocharis sphacelata     
Scirpus validus    0.87 
Rumex crispus   0.85 0.86 

 

Table A6.9: Coefficient of correlation (r2) values from percent cover-biomass regressions for macrophyte 
species recorded at downstream non-vegetated control reach, Laura Bridge, during all four sampling 
periods. 

Species February May September November 

Vallisneria gigantea 0.93 0.91   
Eleocharis sphacelata 0.77 0.90   
Scirpus validus 0.70   0.92 
Cyperus exaltus 0.82    
Carex fasicularis    0.82 
Juncus usitatus   0.81  
Rumex crispus   0.87 0.88 

 

 

 




